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100 meters underground at the European 
patticle physics Laboratory CERN. The detector 
will capture the hail of particles produced 
when CERN's Large Hadron Collider smashes 
protons at unprecedented energies. A special 
News report beginning on page 1652 
profiles the new collider. 
Phota: Maximilien Brice, CERN 


Volume 315, Issue 5819 


DEPARTMENTS 


1631 Science Ontine 
1633 This Week in Science 
1638 Editors’ Choice 
1640 Contact Science 
1643 Random Samples, 
1645 Newsmakers 
1733 New Products 
1734 Science Careers 


EDITORIAL 


1637 AUnited European Astronomy 
by Catherine Cesarsky 


NEWS OF THE WEEK LETTERS 
Senators Offer Sympathetic Ear to Complaints on 1646 The Loss of a Valuable Dolphin M. D. Kass 1663 
NIH's Fiscal Slide The Ethics of Transcranial Magnetic Stimulation 
Mapping the 248-Fold Way 1647 LS. Jones Response D. Knoch, A Pascual-Leone, E. Fehr 
‘Comparing Neanderthal and Human Genomes 
use OKs Whi 1649 
Hove Oss Whieseniwrec es TC. Even, P. Cullen, M. Erren 
SCIENCESCOPE 1649 Response E. M. Rubin and J. P. Noonan 
New Bacterial Defense Against Phage Invaders 1650 ‘What the Scientific Community Can Do H. S, Bienen 
denied >> hepot 1709 
‘ATrace of the Earliest Plate Tectonics Turns Up 1650 BOOKS E7 AL 
in Greenland >> Report». 1704 The Measure of Merit Talents, Intelligence, and 1668 
Inequality in the French and American Republics, 
NEWS FOCUS 1750-1940 J. Corson, reviewed by. Henderson 
Large Hadron Collider ‘The Great Lead Water Pipe Disaster 1669 
Having a Blast, Wish You Were Here 1652 W. Troesken, reviewed by R. Renner 
Stability, International Character Honed CERN's 1654 POLICY FORUM 
Competitive Edge 
: Carbon Faiog Over Taxes 1670 
Physicists’ Nightmare Scenario: The Higgsand 1657 
roma ie W.Chameides and M Oppenheimer 
A Sluggish Response to Humanity’s Biggest 1659 PERSPECTIVES 
‘Nast Poisoning 
‘AYoung Scientist Shaped by Adversity Balancing Cellular Energy 1671 
D.G. Hardie 
pose tnt 1668 
How Does the Proton Spin? 1672 
5-0. Bass 
Asyometsy and amune Memory 1673 
D.R- Litman and H. Singh 
‘The Next Great Earthquake 1675 
R. McCaffrey 
‘APlant Receptor with a Big Family 1676 
E Gill and. Chestmaan 


Retrospective: Alan G. MacDiarmid (1927-2007) 1678 
RH. Boughman 


CONTENTS continued >> 


www.sciencemag.org SCIENCE VOL315 23 MARCH 2007 1625 


RNAi solutions by QIAGEN 
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™@ Flexible, user-defined siRNA plates and sets 
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Science 


SCIENCE EXPRESS 


www.sci org 


MOLECULAR BIOLOGY 
Control of Stress-Dependent Cardiac Growth and Gene Expression 
by a MicroRNA 
E. van Rooij et al, 
‘An miRNA coded within an intron of a myosin gene increases the maladaptive 
expression of embryonic myosin aftr stress, 

10.1126/cience.1139089 


GENETICS 
‘Multiple High-Throughput Analyses Monitor the Response of E. coli 
to Perturbations 
Ishi etal 
In maintaining metabolic homeostasis, bacteria respond to genetic disruption with 
large changes in metabolite but to environmental cisturbance with changes in 
enzyme levels 

10,1126/science.1132067 


a _ | 


PHYSICS 

Negative Refraction at Visible Frequencies 

H. J. Lezec J. Dionne, H. A. Atwater 

{thin waveguide composed of thin layers of gold, sticon nitride, and slvr 

produces a negative index of refraction inthe blue and green parts of the spectrum. 
10.1126/science.1139266 


PLANETARY SCIENCE 
The Variable Rotation Period of the Inner Region of Saturn's Plasma Disk 
0. A Gurett etal. 
Saturn's distinct radio emission, thought to reflect the trace of the actual rotation of 
the planet instead is produced by convection in its plasma disk independent ofits 
rotation, 

10.1126/science,1138562 


TECHNICAL COMMENT ABSTRACTS 


ECOLOGY 
Comment on “Why Are There So Many Species of 
Herbivorous Insects in Tropical Rainforests?” 
D.A Norton and R. K. Didham 
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Response to Comment on “Why Are There So Many 
Species of Herbivorous Insects in Tropical Rainforests?” 
V. Novotny etal 


REVIEW 


ATMOSPHERIC SCIENCE 
Restoration of the Mississippi Delta: Lessons from 
Hurricanes Katrina and Rita 

J. W, Day Jr. et al. 
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EVOLUTION 
Gene Co-Inheritance and Gene Transfer 
¥. Brandvain, M.S. Barker, M. J. Wade 
Unexpectedly n plant taxa that reproduce by sell-poltination or 
cloning, more mitochondrial genes have shifted to the nucleus 
than in taxa that reproduce sexually 
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APPLIED PHYSICS 
Far-Field Optical Hyperlens Magnifying 
‘Sub-Diffraction-Limited Objects 

Z.Liu, H. Lee, ¥.Xiong, Sun, X. Zhang 
‘lens with a negative retractive index can magnily an objec that is 
smaller than te ditraction limit of light and projec it soit can be 
Seen with a conventional microscope. 


RESEARCH ARTICLE 


IMMUNOLOGY 
‘Asymmetric T lymphocyte Division inthe Initiation 
‘of Adaptive Immune Responses 

J.T. Chang etal. 

Upon antigen binding, immune cells generate pathogen-ighting 
«alls from daughters arising close tothe antigen and memory calls 
from daughters away trom it 
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REPORTS 


CHEMISTRY 
Enhanced Bonding of Gold Nanoparticles on 
Oxidized Ti0, (110) 

D. Matthey et a. 

Interactions between gold and orygen atoms cause god clusters to 
adhere strongly to titanium oxide, perhaps helping to explain why 
{0d nanoclusters are such good catalysts. 
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PHYSICS 
‘An Atomic Seesaw Switch Formed by Tilted 1696 
Asymmetric Sn-Ge Dimers on a Ge (001) Surface 

K. Tomatsu et al. 

Changing the postion of tin atoms incorporated into a germanium 
surface switches the electrical conductivity on o aff along folds in 
thesurface, 

APPLIED PHYSICS 

‘Magnifying Supertens in the Visible Frequency Range 1699 
1.1, Smolyaninoy, ¥-J. Hung, C. C Davis 

‘lens formed from concentric cicles of a polymer with postive and 
negative indices of diffraction ona gol fim can resolve objects as 
smalls 70 nanometers. 

CLIMATE CHANGE 

Coupled Thermal and Hydrological Evolution of 1707 
Tropical Africa over the Last Deglaciation 

J. W.H. Weijers, E Schefup, S. Schouten, JS S. Damsté 
‘During deglaciation, warming of tropical Africa relative tothe 
‘Nlantic Ocean increased the land-sea thermal gradient and thus 
central Arican rafal 


GEOLOGY 
AVestige of Earth’s Oldest Ophiolite 1704 
H. Furnes eta. 

Remnants of oceanic crust formed ata spreading center 3.8 billon 
‘years ago are preserved in Greenland, implying that some form of 
plate tectonics was operating then, >> News story p, 1650. 
ATMOSPHERIC SCIENCE 

Bottom-Up Determination of Air-Sea Momentum 1707 
Exchange Under a Major Tropical Cyclone 

E, Jarosz, D.A. Mitchell, D. W. Wong, W. J. Teague 

Direct observations reveal that the transfer of momentum by winds 
to ocean curents and waves is greatest just before a storm reaches 
hurricane strength, 

icRoBioLocy 

CRISPR Provides Acquired Resistance Against 1709 
Viruses in Prokaryotes 

R, Barrangou et al. 

Clustered, variable repeat sequences can be acquired by bacterial 
‘genomes from bacteriophage or plasmids and act like RNA 
Interference to block infection by vituses. >> Mews sory 1650 
PLANT SCIENCE 

AG Protein-Coupled Receptor Is a Plasma Membrane 1712 
Receptor forthe Plant Hormone Abscisic Acid 

X. Lu, ¥. We B. Ui, ¥ Ni, WE Li, WH. Wu, L Ma 

The cell surface receptor for an important growth regulator 

{n plants binds to its ligand with high affinity and activates. 
downstream targets. >>Perspectvep. 1676 


MVAAAS 


CELL BIOLOGY 
‘Tunability and Noise Dependence in 1716 
Differentiation Dynamics 

GM Siel et al. 

‘A genetic circuit for bacterial cll ierentiation exhibits a 
surprisingly varied repertoire of dynamic responses that depend on 
the amount of noise inthe component biochemical reactions. 
NEUROSCIENCE 

Temporal Frequency of Subthreshold Oscillations 1719 
Scales with Entorhinal Grid Cell Field Spacing 

LM. Giocoma, E. A. Zilli, E. Fransén, M. E. Hasselmo 

‘As ats move about, the oscilation frequencies of cortical neurons 
“arrayed ina grid represent how neural activity maps the rat’s position 
inspace 

NEUROSCIENCE 

Emergence of Novel Color Vision in Mice 1723 
Engineered to Express a Human Cone Photopigment 

GH. Jacobs, G.A. Williams, H. Cahill). Nathans 

Mice engineered to express the human long-wavelength opsi in 
‘dditon tits enn two color vision pigments acquire a new bility 
todistingush colors, 

STRUCTURAL BIOLOGY 

Crystal Structures of the Adenylate Sensor from 1726 
Fission Yeast AMP-Activated Protein Kinase 

R. Townley and t. Shapiro 

‘The crystal structure of a key metabolic regulator reveals how it 
se03es the ratio of ATPL AME, initiating feedback processes to 
optimize ATP ewes inthe cll. >> Perspective. 1671 


‘STRUCTURAL BIOLOGY 
Structure of Nup58/45 Suggests Flexible Nuclear 1729 
Pore Diameter by Intermolecular Sliding 

1. Meléak, A, Hoelz, G. Blobel 

Pores in the nuclear envelope consist of tetramers with a variable 
lateral ottset that may allow the opening to be adjusted according to 
the size of molecules passing through, 


CONTENTS t 


AQVANCING SCIENCE. SERVING SOCIETY mu Sk rem ame 5 et dn ra et eer eet Catan wah SE 


hang tron hs el men dee st ner Patna anf a 24 POs 74 mae 2A gen 
‘iterate 8 00bat mar pg wc rar pte baer es Aan payne etend wpa ree neta 
(the pond ppt en rie by AS re ra gad be Capa wan nr tac rn Sr ean HR pr 
‘tare 2 eet, wen WEED been alae SOE Sancta bene ca rar naar ed 


CONTENTS continued >> 


wwwsciencemag.org SCIENCE VOL315 23 MARCH 2007 


1629 


Fresh angles on the 
science of education 


A wealth of knowledge 


The Science Education Forum is a dynamic source of information and nk 
aspect of science education, as well as the science and policy of educat 
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Hughes Medical Institute, 


ideas on every 


The forum is 
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Nuthatches (right) eavesdrop on chickadees (let) 
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Danger in the Air 
‘Nuthatches profile approaching predators by 
decoding another bird's alarm call. 


Mosquitoes Made Better in the Lab 


Malaria-resistant ins 


cs may help keep the 


1m humans. 
Rabbits Shed Light on Virus’s Origins 

‘Fossil’ lentivirus could provide clues to evolution of 
HIV and other related retroviruses 


Trapping bacteria in NET. 
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PERSPECTIVE: Unconventional Roles of the NADPH 
Oxidase—Signaling, ton Homeostasis, and Cell Death 

8. E, Steinberg and S. Grinstein 

Phagocytic NADPH oxidase contributes to various neutrophil processes 
including the formation of neutrophil extracellular traps (NETS) 
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<< Magnifying Superlenses 


Although the spatial resolution of a conventional optical microscope is 
limited by diffraction to a value of the order of 200 nanometers, a “super- 
lens” based on specially structured metamaterials designed to exhibit a 

negative refractive index could overcome this limitation. However, the pla- 

nar superlenses demonstrated to date cannot provide magnification 

Smolyaninov et al. (p. 1699) describe a magnifying superlens based on the 

propagation of surface-plasmon polaritons (SPP). The object to be imaged and 
magnified is placed inside the center region of their lens, a structure of concentric 

icles of a polymer deposited on a gold substrate. The light scatters 
off the object and creates SPPs in the gold film. With the structured lens 
designed properly, the SPPs propagate radially outward through the 

“lens” of concentric circles. The magnified image of the object can then be 

seen at the outermost circle with a conventional microscope. In Brevia, Liu etal. 
(p. 1686) have used curved nanoscale multilayers of silver and alumina to create 

a superlens that projects the image of an object onto a far-field surface, where it can 
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ATin Toggle Switch 

Although changes in bonding should affect the 
conductivity of atomic and molecular scale wires, 
direc evidence for switching between conduct 
ing and insulating confiquation of atoms has 
been rare, Tomatsu et al. (p. 1696), using scan- 
‘ning tunneling microscopy (STM), show that 


when tin (Sn) atoms are deposited on the (001) 
of germanium (Ge) surface, they incorporate 
into the topmost rows of buckled Ge dimers that 
form one-dimensional conductors. The STM tip 
do switch the Sn atom from being 

¢ “down” atom of these asymmetric 
dimers, When the Sn atom is up, the row 
remains conducting, but when itis itched 
down, i reflects electrons in the w* state and 
terminates the wire, 


Tropical African 
Rain Records 


Awealth of marine sedimentary records have 
been used to document changes in sea surface 
temperatures (5S) between the Last Glacial 
Maximum 25,000 years ago.and the present 
warm period, the Holocene. The construction of 
continental records of land surface temperature 
for the same interval has been more challeng: 
ing, particularly fo tropical Africa. Weijers et al. 
(p. 1701) have now analyzed terrestrial and 
‘marine biomarkers in a marine sedimentary 
record from near the mouth of the Congo River 
and developed parallel records of terestrial and 
nearby oceanic conditions that facilitated the 
comparison of conditions inthe two regimes. 
Tropical African land temperatures rose by about 


be viewed with a conventional microscope. 


4°C during the last deglaciation, approximately 
‘orice the amount that nearby SSTs rose. This 
changing land-sea temperature difference 
‘exerted an important control an precipitation 
patterns in central Africa 


Damaging Winds 

and Waves 

In 2005, a pair of strong hurricanes (Katrina and 
Rita) struck near the mouth of the Mississippi 
River a few weeks apart, Day et al. (p. 1679) 
‘show that their slightly different tracks provide 
Comparative information or assessing the rea 
sons forthe damage and floding of New 
Orleans and other regions, and also evaluate 
what needs to be 
done to rebuild the 
region for greater 
resiliency the 
future. Hurricanes 
aeate damaging 
storm surges and 
high waves by trans 
ferring wind energy 
to the sea surface. 
The magnitude of 
this transfer nor- 
mally is estimated from 
observations of the surface wind fields in a 
storm, but that approach suffers from artifacts 
Caused by the presence of waves and ocean 
spray, and is highly uncertain forthe high wind 
fegimes of major tropical cyclones, Jarosz et al. 
(9. 1707) used ful water-column ocean current 
velocity data collected during the passage of 


Hurricane Wvan in 2004 to determine this air-sea 
momentum transfer directly from the waterside. 
The efficiency of energy transfer has a maximum, 
aa wind speed of around 72 miles per hour 
(just under hurricane category 1. levels, which 
decreases to around half of that value once the 


hurricane reaches the transition from category 
2 to category 3 strength at wind speeds of 112 
miles per hour. These findings should help 
improve forecasts of storm track and intensity, as 
well as those of the associated ocean waves, 
surges, and tides. 


Dating Crust Creation 
The Earth’s crust is continually being formed at 
mmid-ocean spreading ridges, where plates rll 
apart, and above subduction 
zones, where plate edges can 
row by accretion, Was te cre 
ation of crustal plates ongoing 
early in the Earth’s history, of 
was it restricted to the latter hall 
of the Eath’s 4.5 billion year 
existence? Furnes et al. (p, 1704; 
see the news story by Kerr) show 
that crustal formation caused by 
seafloor spreading was under way 
as long ago as 3.8 billion years 
They have identified and dated an 
ophiolite sequence of rocks in Greenland that 
is the oldest known example of oceanic crust. 
The sequence of rocks includes gabbro, pillow 
lavas, and sheeted dikes, indicating it was 
formed on the sea floor by processes similar 
to those seen today. 
Contioued on page 1635 
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This Week in Science 


Continued from page 1633 
Division Decisions 


During an immune reaction, T cells divide rapidly and differentiate producing a variety of T cell types 
that respond appropriately to the particular threat. Memory T cells also emerge from the same popu- 
lation and remain in the body until such time as a new infection calls once again for their attention. 
Chang et al. (p. 1687, published online 1 March; see the Perspective by Littman and Singh) now 
show that single T cells undergo an initial asymmetric cel division in response to a pathogen, produc 
ing two daughter cells with alternate fates. After forming an immune synapse with an antigen: 
presenting cell (APC), various proteins, including some responsible for signaling and asymmetric 
ell division, were reoriented within the T cells. After division, daughters that were proximal to the 
APC-T cell synapse became effector cells, while their distal sisters became more memory-tike and 
able to confer better protection when transferred to mice. 


The Final Crunch 


Regular clusters of repeats separated by spacers of similar length (CRISPR) are widely distributed in 
the genomes of Bacteria and Archaea, and are distinctively hypervariable. The spacers share sequence 
homotogy with bacteriophage and plasmid sequences, and may provide immunity against foreign 
‘genetic elements via RNA interference. During the natural generation of phage-resistant Streptococcus 
thermophilus using Iytic phage obtained from yogurt, Barrangou et al. (p. 1709; see the news story 
by Marx) found that the integration of viral sequences as new spacers into CRISPR loci indeed confers 
Immunity against virulent phages in a specific, acquired, and heritable manner, Addition and dele 
tion of spacers alters sensitivity to viruses, and CRISPR-associated genes may be directly involved in 
the resistance mechanism. 


Staying in Charge 
Under normal conditions, the intracellular concentration of 
adenosine triphosphate (ATP) i onthe order of 1 mil 
molar. Numerous enzymes and regulatory proteins rely on 
this universal currency of energy for anabolic, catabolic, 
and general housekeeping processes. One of the primary 
enzymes that regulates AP levels isthe AMP-activated 
protein kinase (AMPK), which senses the relative ratio 
of ATP to AMP. When this ratio falls, AMPK phosphoryl: 
ates metabolic enzymes, which then consume less ATP 
and make more of it. Townley and Shapiro (p, 1726, pub- 
lished online 8 February; see the Perspective by Hardie) have 
solved the structure of the fission yeast AMPK homolog and 
demonstrate the competitive binding of ATP and AMP at a single 
nucleotide site, where the absence of counterions appears to amplify the discrimination between the 
‘mono: and triphosphate ligands. 


Plant Hormone Signaling Receptor 

The hormone abscisic acid (ABA) regulates a variety of developmental and physiological processes in 
higher plants, Liu et al. (p. 1712, published online 8 March; see the Perspective by Grill and Christ- 
mann) have now identified a membrane-bound protein that functions as an ABA receptor. The pro- 
tein, GCR2, has features of a G protein-coupled receptor, which have thousands of variants in animal 
cells, but very few known variants in plant cells. 


Diameter Modulators of the Nuclear Pore 


gg The nuclear pore complex (NPC) controls the exchange of molecules between the cytoplasm and the 
nucleus. This supramolecular assembly is composed ofa set of proteins termed nucieoprins (ups). 
‘Meltak et a. (p. 1729) describe the structure of a complex of nup58 and nup4S, which are essential 
& components of the central channel ofthe NPC. The two nucleoporins form stable dimers that futher 
5 associat into tetramers. Iwo crystal forms contained four conformers ofthe tetramer, which differed 
B in the lateral offset between dimers. Thus, these nucleoporins may have dynamic interaction inter: 
5 faces, and slide relative to each other in order to adjust the diameter ofthe transport channel tothe 
5 size of the cargo. 
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motion of water waves. Different 
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in a puddle, or waves in your bath: 
tub. Then when I've surfed the math, 
| like nothing better than to spend 
the rest of the day surfing the waves, 


This field is very important. The better 
‘we can model water waves, the better 
‘we can predict the patterns of 

beach erosion and natural | | 
disasters. 


Being a member of AAAS 
means 1 get to learn about 

‘areas of interest | might not 
‘otherwise encounter. It gives 

me valuable opportunities 

to exchange ideas with col 
leagues in other fields. And this helps 
me find new approaches to my 
own work. ” 


Or. Katherine Socha is an assistant 
professor of mathematics at St. 
Mary's College, Maryland. She's also 
‘amember of AAAS. 
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The AAAS Forum on Science and Technology Policy provides a setting 
for discussion and debate about the federal budget and other policy 
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nities. Initiated in 1976 as the AAAS R&D Colloquium with about 100 
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draws upwards of 500 of the nation’s top S&T policy experts. 
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for the FY 2008 budget, pre- 
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engineering, and higher 
education associations. 
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president ofthe 
International 
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A United European Astronomy 


AT ATIME WHEN THE POLITICAL VISION OF EUROPE IS STRUGGLING TO REGAIN FOCUS AND 
momentum, European astronomers are working together more than ever on new projects, 
Despite the fact that modern astronomy emerged from the European Renaissance, the conti- 
nent’s lead crumbled in the 20th century. At that time, visionary minds in the United States 
exploited lange economic fortunes to construct great observatories that opened a new window 
‘onto the distant universe. Europe, recovering from the world wars, was unable to compete When 
the United States launched its overwhelmingly comprehensive space program in the 1950s and 
1960s, But today. the American and European situations in astronomy are more balanced, and 
European astronomers look toward the future with renewed optimism, even though they are well 
aware that, given the cost of projects and the available funds, hard choices will have to be made. 
‘One important reason for the European resurgence is that farsighted scientific and politica 
leaders created the European Southern Observatory (ESO) in 1962 to 
develop observatories in the Southern Hemisphere. Somewhat later, the 
European Space Agency (ESA) embarked ona wellplanned program of 
space missions. An important advantage of these intergovernmental 
‘organizations is that they can rely on a stable budget, year after year, 
Despite a budget less than one-fifth that of the U.S. National Aerana 
and Space Administration (NASA), ESA has launched successful mis- 
sions with well-chosen goals, such as the Hipparcos satellite and the 
Infrared Space Observatory. On the ground. ESO's Magship. the Very 
Large Telescope in Chile, has achieved recognition as the world’s most 
powverfll optical telescope, providing a wealth of data on objects ranging 
from the solar system to the farthest reaches of the universe. As. result, 
ESO hasattracted new member states, with consequential increases in the 
budget and in collaborating institutions, Considerable human exchange and 
networking, often fostered by the European Union (EU), have resulted in several bilateral or 
multilateral undertakings within and beyond Europe. The result has been an equalizing of com- 
Petition that has enhanced rather than hindered. ties across the Atlantic. ESA has long worked 
partnership with NASA (although the relationship was not ah 
North America, and East Asia are now involved in constructing ALMA. 


in managing large-infrastructure projects at the disposal 

European astronomy is now considering its future. E 
tious inventory of scientific opportunities in space astronomy and planetology in the 2015-2 
ime frame, called “Cosmic Vision.” ESA has just issued a cal for proposals for the program's first 
space exploratory missions. ESO and its community are conducting studies on the Euro 
Extremely Lange Telescope, a novel design for the world’ largest optical infrared telescope, which 
\ill revolutionize ground-based astronomy. Its target for construction is 2010. European radio 
astronomers, boosted by Europe's Low Frequency Array project, are heavily involved in forging a 
future worldwide project, the Square Kilometer Array (to be sited in Australia or South Africa). 
The high cost of such new projects. and the universality of science, have encouraged astronomers 
from both sides ofthe Atlantic to form partnerships with astronomers from other continents ofthe 
‘world, an effort that is further supported by the International Astronomical Union. 

Toachieve even greater unity. the fundingagencies of various European countries have come 
together with ESO and ESA in an EU-sponsored network, ASTRONET, to establish a road map 
for the next 20 years that will encompass ESO and ESA programs and foster collaborations 
among European countries in other endeavors. Major organizations such as ESA and ESO are 
able to pool and retain critical mass, with respect to both human and financial resources, over 
Jong periods of time. Of equal importance is that as public bodies, they must serve the community. 
This provides a powerful impetus for excellence in the ways in which they operate. It also 
ensures constant upgrading of facilities to remain competitive. If Europe's global agenda 
includes keeping astronomy at the forefront, maintaining the unity of European organizations 
and their missions will be vital. 


~ Catherine Cesarsky 
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seo.osy 
Diamond Diversity 


The chemistry of diamonds brought up from 
Earth’s mantle—notably their widely ranging 
nitrogen contents and nitrogen and carbon iso- 
tope values—has complicated understanding of 
their origins. It is commonly thought that many 
diamonds form from the movement of carbon 
rich fluids into deep mantle rocks of a contrast- 
ing composition, thereby inducing diamond pre~ 
Cipitation. To better constrain these fluids and 
sources, Thomassot et al. studied in detail nearly 
60 diamonds contained within one small (<30 
cm?) mantle sample carried to the surface in a 
kimberlite volcano in South Africa. Surprisingly, 


the nitrogen contents and isotopic values of these diamonds in this one sample spanned a large part of the ranges 
‘observed from all diamonds worldwide. The covariations of the data imply that these diamonds formed from a methane- 
rich fluid, not a more oxidized fluid as commonly assumed. The wide variation can be produced by the fractionation of 
nitrogen and carbon during growth of the diamonds over time. Such fluids may also account for the variable oxidation 
state of the mantle beneath Earth's most ancient crust. — BH 


BIOCHEMISTRY 
Activating En Passant 


Autotransporters are a family of bacterial virulence 
proteins that are frst translocated across the inner 
‘membrane and then inserted into the outer mem. 
brane. The smaller Cterminal domain adopts a 
barrel structure that spans the outer membrane 
and serves as a transitway forthe larger N:termi: 
‘na “passenger” domain, which is transported 
through the barrel; some passenger domains are 
‘released into the extracellular space by proteolysis. 
Ivan extensive series of genetic and biochem: 
ical experiments, Dautin etal. show that the pas 
seniger domain of Escherichia coli autotransporter 
EspP is cleaved in an unusual fashion: not by a 
periplasmic or outer membrane protease, but by 
itsell, Enzymatic hydrolysis of a peptide bond is 
customarily initiated by an activated nucleophile. 
Like the classical serine protease catalytic triad, 
where the carboxylate of an aspartate residue 
pulls on the hydroxyl proton of the active-site ser 
ine (via an intermediary histidine), EspP also uses 
an aspartate, which happens to reside on the 
inner surface of the barrel and is located 
roughly halfway across the thickness of the outer 
‘membrane. This carboxylate pulls on the amide 
‘proton of an asparagine residue in the transiting 
passenger domain; this activates the amie nitro- 
‘gen for attack on and cleavage of the peptide 
backbone, yielding a succinimide that could be 
resolved as a mixture of asparagine and iso- 
asparagine. This asparagine-aspartate sell-cleav 


orth Plonet, Sci, Lett, 10,1016/}.eps12007.02.020 (2007), 


ing mechanism appears to be utilized by other 
autotransporters as well as by eukaryotic viruses 
dduting capsid maturation. — G)C 

EMBO J. 26, 10.1038/5,embo).7601638 (2007) 


micRoBioLoGy 
At the Point of Attack 


Tuberculosis kills approximately 3 million people 
each year. The pathogenic agent Mycobacterium 
tuberculosis invades and replicates within 
macrophages, constructing for itself an intrace 
lular vacuole that shelters it from immune sur 
veillance and attack, Alter et al, have invest 
ated how Mt. tuberculasis binds to and invades 
potential host cells. On 

the surface ofthe 

microbe, they discov: 

ered fine fibers, 

referred to a pill, that 
are 2 to 3 nm wide and 

are likely to be impor: 

tant in enabling the 
microbe to adhere to 

target cells. They iso 

lated the pili and have 
characterized their s 
composition using mass 
spectrometry and immunochemistry. The pili are 
assembled from low molecular-weight protein 
subunits; these bind to the protein laminin, 
which is an abundant component of the extracel 
{ular matrix within human tissues. Furthermore, 


the sera of tuberculosis patients contained ant: 
bodies that recognized the pilin subunit, The 
unanticipated identification of what may repre 
sent a key protein in the early stages of host colo 
nization by M. tuberculosis may lead to the devel: 
‘opment of new therapies and vaccines. — SMH 
Proc, Natl, Acod. ci USA, 104, 5145 (2007). 


CHEMISTRY 
Sorting Storage Options 


Inthe search for a practical mode of hydrogen 
storage for vehicle applications, light metal 
hydride compounds such as LiBH, are appealing 
because of their high weight percentage of 
hydrogen. However, many such 
‘compounds are thermodynamically 
‘uite stable, and so require exces: 
sive heating to liberate H,. One 
means of addressing this problem 
is to mix together two or more 
hydride compounds which, on 
releasing hydrogen, can form a sta 
ble co-product that drives the reac 
tion—MgH,, for example, reacts 
with LiBH, to yield MgB. Alapati et 
_ a have used plane wave density 
functional theory in an effort to 
narrow the dauntingly large range of potential 
compound combinations worth exploring in this 
vein. Specifically, they performed a rough 
‘energy calculation of 152 known light metal 
solids and used the results to screen more than 
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300 unreported possible reactions among them. 
Thirteen reactions that fel within a promising 
range of enthalpies (including a lower as well as 
‘upper bound, 50 as to ensure feasible rehydto: 
‘genation of the material) were then subjected 
to more computationally intensive phonon 
density-of states calculations. The authors note 
that their approach fs limited by the assumption 
of reaction to a known morphology and also 
leaves open the question of favorable kinetics 
Nonetheless, computed enthalpies of known 
reactions proved sufficiently accurate (within 
10 kJ/mol of experiment) to offer a promising 
pretiminary sifting mechanism for guiding 
future experiments. —]SY 


‘Phys; Chem, Chem, Phys, 9, 10.1039706179276 
(2007) 

BIOMEDICINE 

Natural Sunblock 


Before the health hazards of ultraviolet (UV) tight 
‘exposure were fully appreciated, sun worshippers 
applied lotions hoping to tan rather than burn. 
Skin tanning results from the production of the 
‘pigment melanin, which absorbs UV radiation 
and can partially protect cells from the UV. 
induced DNA damage that can ultimately cause 
skin cancer, Without melanin, cells ae highly 
susceptible to sunlight; sunburn isthe body's 
response to this damage, 

Cui etal, show that the tumor suppressor p53, 
which functions as a transcription factor and is, 
‘one of the most intensely studied proteins in biol 
‘gy, plays a crucial roe in UV-induced melanin 
production, Studying p53-deficient mice as well 
5 normal human skin samples, they find that UV 
light activates p53 in skin keratinocytes (the out- 
ermmost cells) and that p53 activates the gene 
encoding pro-opiomelanocortin (POMC). The 
POMC protein is then cut in several places to gen 
erate peptides, including ce-melanocyte-stimulat 
ing hormone, which stimulates melanocytes (cells 
located at the base of the epidermis) to produce 
‘melanin, Interestingly, POMC proteolysis also 

& generates the opioid peptide endorphin, which 
the authors speculate might contribute to sun 
seeking behavior in humans. — PAK 

Cell 128, 853 2007). 


PsycHoLoGY 
An Empathy Block 


Everyday experience confirms the general belief 
that humans are social animals; the neural path- 
Ways subserving prosocial behaviors are a sub- 
ject of current research, and the evolutionary ori 
ins of these behaviors are hotly debated. 
Although there is evidence that social exclusion 
«an elicit redoubled efforts to develop social 


EDITORS’CHOICE 


connections, the consequences of exclusion are 
predominantly negative—feeling hurt, acting 
belligerent, or adopting a lone-wolflfestyle— 
and Twenge et al. have begun to examine what 
‘might mediate these apparently atypical 
Fesponses, 

Using a variety of experimental contests 
(such as the canonical spilled-pencils incident) 
and measures (such as donations of money ot 
cooperation in a prisoner's dilemma game), they 
find that being characterized as having a high 
likelihood of a prosocial lifestyle with many 
strong relationships, such as marriage, resulted 
in participants helping to pick up pencils (on 
average, 8 out of 20 spilled) versus the perform: 
ance of those labeled as being apt to lead soli 
tary lives (less than 1 pencil picked up). As to 
‘what factors mediate the extent (or absence) of 
prosocial behavior, some ofthe likely candidates 
(trusting the other or having a sense of belong 
ing) did not register, whereas empathic concer 
did. Combining this finding with an earlier one, 
which showed that social exclusion activates the 
neural circuits encoding pain, produces the spec 
lation that an after-effect of rejection is an 
emotional numbness or an inability to mirror the 
affective states of others. — GIC 

J. Pers. Soc. Psych. 92.56 (2007) 


CHEMISTRY 


A Swell Stopper 


{In rotaxane molecules, macrocycles are held 
conto rodlike cores by bulky end groups that 
effectively act as stoppers. Rotaxane synthesis 
usually requires first threading an open-ended 
{od through the cycle, followed by the addition 


of a third molecule to the free end of the rod in 
‘order to form the second stopper. Chiu et al. 
present a two-component system in which an 
enyl-2-vinylcyclopropane end group of the rod 
like molecule “swells” after the macrocycle has 
been threaded. A Cope rearrangement that is 
slow at room temperature occurs after 2 days of 
heating at 50°C, creating a bulky cycloheptadi: 
ene capping group. Hydrogenation of the 
racemic product mixture yields a single satu- 
rated isomer for the rodlike molecule. The 
authors demonstrate the technique with two 
different macrocycles, confirming by nuclear 
‘magnetic resonance spectroscopy that the rods 
and rings successfully interlock. — PDS 

1.Am. Chem. Soc. 129, 10.102 /)2069362i 

(2007, 
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Slide-sized PCR plates Super compact 
Slidetiter™ describes a novel PCR PCR machine 

plate which ithe fotprint ofa mi fae ateaad each lad 
roscope slide, Not only isthe size Ae pic Wired 
condensed, but the wall thickness bm Stine ae 8 

is reduced to half that of conven: hn haa delle oll ala 
tional thin-wall plates for ultra Fen dane epoaidan betel 
heros tar hse a oe peterueice romana « eae 
frame producing the equivalent 10 seus, 
of a sandard microplate, This ad- 
‘anceallows the use of existing lab 
fequipment to prepare and analyze 
PCR samples 


protocol in less tha 


Sidecter frame (blue) with three 96 muhtiple block f 
Sider plates assembled and 384-well) the Piko is a natural fit 


‘one plite moved. for any lab, 
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A Proteome to 
Drool Over 


Saliva (sa world ofits own, teeming with bacte 
ria, mucus, enzymes, skin cells, blood cels, and 
hundreds of different proteins—the product of 
‘multiple glands, serum leakage, drainage from 
nasal cavities, and whatever you put in your 
mouth. Saliva is routinely used to test for hor 
mone levels and illegal drugs. But so far the 
only disease itis used to detect is AIDS. 

That may soon change, thanks to the 
Saliva Proteome Project. For 3 years, several 
institutions have been cataloging every pro 
tein that appears in healthy people's spit. 
With 1500 proteins in the data bank, scien 
tists now want to collect samples from patients 
with diseases that might reveal their presence 
Via saliva, dental researcher David Wong of 
the University of California, Los Angeles, told 
the International Association for Dental 
Research this week in New Orleans, Louisiana, 

Although the AIDS saliva test merely 
checks for HIV antibodies, scientists look 
toward more complex tests—monitoring 
‘ratios of various substances in the saliva 
in the future, Wong expects that tests for oral 
cancer and Sjgren's syndrome, an auto 
immune disease that affects saliva produc 
tion, will be available in the nest couple of 
years. Further down the road, he predicts sc 
entsts wil be able to detect protein markers 
{or lung, breast, and pancreatic cancers, as 
well as diabetes and even Alzheimer's disease 

‘Wong says a “Salivary Diagnostic 
Roadmap"—combining both the proteome and 
data {rom another project cataloging pieces of 
RNA that relate to the proteins—will be avail: 
able in about 4 months. 

Susan Fisher, who works on the Saliva 
Proteome Project at the University of 
California, San Francisco, says that as bio 
chemistry is unraveled, “there are always very 
interesting surprises’ —as scientists have dis: 
covered, for example, from the blood test for 
prostate cancer. So she says it's possible saliva 
will yield information that can’t be obtained 
from blood tests 
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Great Materials 


Who says materials science isn’t sexy? At 
the intemational meeting of the Minerals, 
‘Metals, and Materials Society last month in 
Orlando, Florida, 4200 members voted on 
alist of the Greatest Materials Moments in 
History. Here's their top 10, 


The Periodic Table of Elements 
tron smelting 

Transistor 
Gass 
Optical mic 
Concrete 
Crucible ste 
‘Copper extraction and casting 
Xeray diffraction 


Bessemer process 


Rehabilitating Pluto 


The latest strike in the Pluto wars has come from 
the New Mexico State House of Representatives. 
Lawmakers there last week defied the decision 
by the International Astronomical Union 
(IAU) to reclassify Pluto as a “dwarf planet.” 
Ina statement approved 70-0, the House 
declared Pluto “a planet” and 13 March: 
day of the vote—as “Pluto Planet Day” in 
New Mexico. Itwas 
on 13 March 1930 
that 24-year-old 
Clyde Tombaugh of 
Las Cruces, an ama 
teur astronomer, 
announced his dis 
covery of Pluto, 
inspiring local pride 
that apparently 
endures. Tombaugh 
died in 1997, but 
his widow Patsy was 
present for the vote, 

“There are people who take [the IAU's 
action) as an affront to American astronomy,” 
says planetary scientist S. Alan Stern of the 
Southwest Research Institute in San Antonio, 
Teras. “The discovery of Pluto was epochal. It 
was heralding the Kuiper belt—one of the 
hottest topics in planetary science.” The New 
Mexico Senate must vote on the measure to 
make it oficial. 


the 
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(1500 B.ED 
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(2200 BCE) 
(1668) 
(1759) 
(300 B.C.) 
(5000 B.C) 
(giz) 
(1856) 


Taxonomy, the 
Early Years 


By the late 1700s, scientists had 


«categorized more than 4000 species of animals, 
Often tucked away in out-of-print publications, 
these early descriptions can be difficult for mod 
ern researchers to hunt down. AnimalBase from 
the University of Gttingen in Germany opens 
up the classic taxonomic literature, 
The library stores 
‘or links to digitized 
versions of more than 
700 books and 
papers, some from as 
far back as the 1550s, 
Along with a stack of 
works by Carolus 
Linnaeus, the Swedish 
botanist who 
reformed taxonomy in 
the 1700s, the hold 
ings include lesser 
known contributions 
such as the 1768 tea 
tise by the Austrian nat 
tralist Josephus 
Nicolaus Laurent that describes the true toads. 
(Bufo). To help visitors track down the first use 
of a particular scientific name, curators have 
begun combing the texts for mentions of 
species and other taxonomic groups, >> 
vein. animalbase.org 


Goatskin-covered 
books from late 
17th and early 
18th centuries. 
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Science Magazine's 


State of 


the Planet 
2006-2007 


Donald Kennedy, Editor-in-Chief, 
and the Editors of Science 


The American Association for 
the Advancement of Science 


The most authoritative voice in science, Science 
magazine, brings you current knowledge on the 
most pressing environmental challenges, from 
population growth to biodiversity loss. 


COMPREHENSIVE e CLEAR @ ACCESSIBLE 


automatically synch up with Pande’s network and crunch numbers in protein-foldi 


tions, The faster processor chips in the 
lion desktop computers since October 2000. 


Pioneers 


IDLING. Vijay Pande doesn’t want to stop 
children from playing video games. In fact 
the Stanford University chemist thinks they 
can help him understand what triggers 
Alzheimer’s disease. 

Last week, Pande and Sony Computer 
Entertainment America announced that by the 
end of this month, Sony PlayStation 3 (PS3) 
computer entertainment systems will be able 
to connect to Pande’s Folding@Home (Fa@H) 
program, The program is a distributed com- 
puting project on protein folding and mis- 


folding. which can lead to Alzheimer’s dis 


cease, among others. IfPS3 users activate the 


connection, their machines—when idle—will 
simula 
'S3 will extend the work done on F@H by nearly 2 mi 


Pande is hoping the project might even steer some students toward careers in science by 


aiving them the cha 
prote 


ch the protein 
1s on screen 


seale,” he says, 


AWARDS 

FOR CHILDREN. Two women have won the 
March of Dimes Prize in Development Biology, 
which honors scientific research aimed at 
improving the health of babies. Janet Rossant, 
a stem cel researcher at the University of 
Toronto in Canada, receives the award for work 
that helped identify the genes responsible for 
the growth and specialization of embryonic 
stem cells, And Anne McLaren, a research asso- 
ciate at the University of Cambridge, U.K., wins 
the honor for her contributions to the field of 
reproductive technology, including the first 
successful attempt at growing a mouse embryo 
ina test tube and then implanting it for natural 
birth, The two winners share $250,000. 


MOVERS 
GOING HOME. Irish biologist Frank 
Gannon, 59, has been appointed director gen- 
eral of the Science Foundation of Ireland 
(SED, a funding agency with a €175 million 
anntial budget. He had announced his retire- 
ment as director of the European Molecular 
Biology Organization (EMBO) in Heidelberg, 
Germany, in December (Science, 15 December 
2006, p. 1665). 

Gannon, wo also headed a group study- 
ing gene control by the estrogen receptor at 


folding s 
“It’s a unique way to educate people about science on a molecular 


me and manipulate 


the European Molecular Biology Laboratory, 
succeeds William Harris, who left SFI last year 
to become head of the Science Foundation 

Arizona. EMBO is still looking for a successor. 


BACK TO PHYSICS. 
Stanford Linear 
‘Accelerator Center 
(StAO) Director 
Jonathan Dorfan will 
step down this fall 
after 8 years as head 
of the facility, which is 
funded by the 
US. Department of 
Energy (DOE) and 
managed by Stanford University. The contract 
torun the $300 million fab is expected to be 
put up for bid soon. Stanford plans to compete, 
but Dorfan wants the university to find a new 
leader. "'m thinking of SLAC’s future,” he says. 
Dorfan has been at Stanford for 30 years 
and says he's looking forward to returning to 
the bench to explore the “very significant 
mysteries” in dark matter and cosmology. 
Dorfan also plans to help with efforts to bring 
the International Linear Collider to the United 
States, which he says would sustain U.S. high- 
energy physics for a generation. 
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Antidoping researcher Donald Catlin is 
stepping down as director of the Olympic 
Analytical Laboratory, which he founded 
25 yx 


ifs ago at the University of 
California, Los Ange! 


Catlin, 68, is 
credited with uncovering many sports 
doping schemes, He will devote his time 
to research at the Anti-Doping Research 
Institute, a nonprofit he set up last year, 


Q: Looking back, are there any discoveries 
‘or drug busts you're especially proud of? 
You know, it’s hard to be proud of a 
bust. I think norbolethone is one of the 
most important ones we ever did. That 
was a forerunner of designer steroids. 
When I figured that one out, 1 knew 
that there were people scheming and 
developing designer steroids that we 
couldn’t see or find. 


Q: Has your work changed how you feet 
about sports? 

Yeah, in a way. I really love the Olympic 
model, where 200 countries can all get 
out their best athletes and compete, and 
the best men and women win. It’s beauti- 
ful and exciting, and it should be very 
pure. But nowadays sometimes your 
hopes are dashed when you read tha 
so-and-so is dirty, 


Q: Do you think we'll ever be able to put 
an end to this? 

If your objective is to get all drugs out of 
all sports forever, you're going to die 
very unhappy, But you should be able to 
get conirol enough so that the really 
high-end sports, where the big names are 
competing, are clean, 


Got a tip for this page? E-mail people@aaas.org 
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2008 BUDGET 


‘Among friends. NiH Director Elias 
a strong 
research, 


Senators Offer Sympathetic Ear to 
Complaints on NIH's Fiscal Slide 


Two powerful champions of biomedical 
research blasted the White House's proposal 
to cut funding for the National Insti 
Health (NIH) in 2008 and invited research 


their own frustrations at a 


leaders to ve 
rs Tom 


Senate hearing this week 
Harkin (D-1A) and Ark 
who head the subcommittee that handles NIH 
ied NIH Director Elias 
act of 


funding, g 
Zerhouni on 19 March about the iny 


what would be the fifth consecutive year of 
subinflationary bu NIH. They heard 
senior scientists describe a bleak research cli- 
mate in which the percentage of funded NIH 


int applications has dropped from 

And the senators promised to press for 
research in 2008 
rected: Harkin and 
Specter helped win NIH a 2° 
2007 that the White House didn’t reques 
1062), More 


more money for biomedi 


None of this was une 


(Science, 23 February, p. 
surprising was an impassioned speech by 


Zerhouni about the need for federally funded 


human embryonic stem cell research. 
response to a question, he diverged from 
hat state- 


Administration policy, asserti 
ments that adult stem cells can perform the 
sme tasks as the embryonic variety “do not 
hold scientific water.” He added that any 
attempt “to sideline NIH on an issue of such 
importance is shortsighted. 

President George W. Bush has ruled that 


23 MARC 


only stem cell lines created before 9 A\ 
2001 may be 


sed in federally funded 
research, However, Zethouni said. 
HM 
cientto do all the resea 
The Administr 
human embryonic ste 


clear ... that these cell lines will not be suffi 


He abe 


sh 


t the extent to which federal dollars 
ald back this research, 

Zerhou 
as NIH is still str 
528.9 billion 2007 by 


‘earch comes 


t, enacted $ weeks 
the 


much flat-fundin, 


ing other than 


defense,” says Jon Retzlaff, director of leg 
islative relations for the Federation of Ament 
can Societies for Experimental Biology in 
Bethesda, Maryland. Some agencies that 


ences, includ 


fund research in the physic: 
ing the National Science Foundat 
however, receive real increases under the 
Administra als (Sc 
9 February. p. 750), 


jy. even though Congress gave 
NIH a small increase in 2007, the agency is 
under a pai 
off flush times in 1998 
its budget double. That 


strain because 


2003, when it saw 


prompted many uni 


ict new facilities 


vers 


and recruit new investigators, says Retzlaff 


SCIENCE 


sties 


infant Earth 


Between 1998 and 2007, the number of 


standard investigator-initiated (ROL 


expansion requires long-term commitments, 
researchers said, because the agency pro- 
vides most researchers with at least a portion 
of their salary and covers overhead costs. 
‘We bought in” to the doubli 


now we're getting cut 


‘and 


says Joan Brugge, 


chair of the cell biology department at 


Harvard Medical School, in an interview 
Br 


she testified at the h 


an to study cancer in college after 
snosed with a fatal brain 


who be 


her sister was di 
tumor, says that the slowdown is especially 
frustrating given recent advances in under- 
This 


tanding the basic biology of cancer 


only forestalls pr 


mosphere of uncertainty and anxiety.” she 
told the senators, 


Sciemtists also spoke of undergraduates 


or inve 


leaving the field after being unable to secure 
NIH funding. Robert Siliciano, who studies 
HIV at Johns Hopkins University in Balti 
more, Marykand, said he used to spend 30% of 
plying for grants. Now, he told the 


s it's jumped t0 60" 


Universities are already mobilizing to 
lobby for more funding, Immediately after the 
Senate hearing, a coalition of nine institutions 
and 20 scientists, including the four who tes- 


tified, released a glossy, 21-page report that 


t strides in cancer, spinal cord 
that NIH 


sare well spent and lamenting the effects, 


describes rece 


funding. 


But beyond the anecdotes, the researchers 
and university administrators offered up few 
hard figures on the harm flat budgets are 
know this will not work out to be a 
said Specter, but he 


mathematical formula, 
professed frustration at a lack of data that he 
might offer his more skeptical Senate col- 
leagues, “What's going to happen to NIH if 
the budget is cut by $500 million?” he wanted 
to know. “It would be very helpful to know 
how many research projects you are under- 
taking and how many you're turning away” 
The heari 
n its consideration of NIH’s 2008 


was the Senate’s openin| 


is expected to take at 


Jeast until the fall. 


JENNIFER COUZIN 


MATHEMATICS 


Mapping the 248-Fold Way 


For more than a century, mathematicians 
have struggled to comprehend a vast 
248-dimensional entity, known to them only 


as 


miraculous,” but until now, they could not 


really understand how it is put together. 
of 


This week, an international ¢ 


18 mathematicians and computer scientists 
called the Atlas Project, headed by Jeffrey 
Adams of the University of Maryland, 
College Park. 
computer called Sage has successfully 
mapped” Ey. In the w 

Zuckerman, « mathematician 


announced that a super 


at Yale Univer 


sity, “never before has the marriage of pure 


mathematics and supercomputing produced 
such a prized offspring, 


Launched in 2002, the Atlas Project has 
The 


ancient Greeks were fascinated by ery 
and polyhedra because of their rich symme 
try. In a crystal, however, symmetry comes in 
In the 


discrete chunks and limited numbe 


late 19th century, the Norwegian mathemati- 
cian Sophus Lie (pronounced “lee”) started 
udying objects with smooth rotational sym: 
metries, Such objects are rare in three 
dimensional space: spheres, cylinders 
doughnuts, and cones. But in higher dimen 


Final effort 
Mathematician: 

programmer Fokko 
ddu Cloux spent his 
last months trying to 
finish the E, project. 


symmetries are expressed by Lie groups, 


Even the sin 


st Lie group, the rot 


jons of a sphere, has profound scien- 


tifie imp 
SO(3) or A, 


elec 
ing Lie g 

describes the symmetries of 
Murray Gell-Mann 
Eightfold 


quarks. 
nickn: 
Wa 


quest for grand unified theo 


has led to ever 


and E, is the bi Nast exoti 


them all, Iu 
ical richness makes i 


magnet for string theorists, amon, 

others. “There's a philosophical ques 
‘of why nature would pick one group 
cer another,” says John Baez, a mathemat 


University of California, 


Riverside. “Ey is so awesome that nobody 


could quarrel with this choice 


The German mathematician Wilhelm 


Killing posited the existence of E, in 1887, ina 


paper that broke all possible Lie groups down 
into four infinite families (labeled A thro 

D) plus five “exceptional groups” (G,, Fy, Ey 
E,, and E,), His French colleague Ehe Cartan 


in essence, Killing 
sxonomy of Lie 
pute 


described E, in 1894, 
Cartan together supplied the 
roups. The Atlas Projec 


map each group’s “irreducible r 


of different n-dimen: 


spaces on which the group's rotations can ac 
Earlier mathematicians, including Zuckerman 


(who was Adams’ thesis adviser), had prov 


s can be divided into 
formula. In 
ld be possible to use the formulas 


ns of 


ies. each generated by 
st 


to crank o 


theory, 


irreducible representati 


every group—including E,—in a finite time 


But no one knew how long the cc 


putat 
ke, or even if it was feasible 

ible, Fokke di 
cian and com 


Cloax was Be 


n mathemn 


urning the 
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eight-dimensional root 
s ike a 
n about it 


Visions of symmetry. The 


tice of Ey (here projected into a plane) 


3 place where informal 


is stored in compcessed form, 


abstract, and sometimes flawed, theorems of 
group theorists into working algorithms 
‘Mathematicians often take shortcuts because 
they know what has to be true, but the com- 
puter doesn’ts” says David Vogan of the Mass- 


ichusetts Institute of Technology, one of the 


participants in the project. “Fokko went bxck 

id foundall the details that weren't quite right 
ule ital perfect. 

ulated that E has 453,060 


bout abillion,) 


and 

Du Cloux ca 
families. (V 
‘That meant the “genom 
table with 453,060 raws and 453,060 columns, 


n had expected al 


of Ey would be a 


or more than 200 billion entries. Du Cloux 
conquered all the groups through E,, but he 
didn’t havea big enough computer to tuch E,. 

Then disaster struck. In November 2005 
du Cloux was diagnosed with amyotrophic 
lateral sclerosis. By May, he was bedridden 
But 
xd.” says Adams. 


and could breathe only with a respirator 


he was completely en; 
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Symmetry unerapped.A functional view 
of the 240 vertices of E,'s root atice, with 
eight colors indicating relationships 
between the rots, 


“He would lie on his back in Lyons, 
With a video projector pointing at the 
ceiling, 1 would type here in Bali- 
more, and he would see on the ceiling 
what I was typing. We would use 
Skype to talk. All he wanted to talk 
about was mathematics—he never 
‘complained about this terrible thing 
that happened to him.” 

Du Cloux finally streamlined 
the software enough that a super- 
computer might be able to do the 
Jeulation. But he did not live to 
see its completion, He died on 
10 November 2006, 

On 8 January, Sage. a super~ 
‘computer at the University of Wash- 
ington, computed the last entry in 
the table for Ey. But the Atlas Project 
is not finished. Like the Human. 
Genome Project, it has produced far 
too much data for mathematicians 
to assimilate overnight, Also, it 


OPEN GOVERNMENT 


The US. House of Representatives has 

broadened protection for government 

1. scientists who claim that their bosses 

(| have undermined the scientific process 

} or suppressed information. Last week, 

V legislators passed The Whistleblower Pro- 
tection Enhancement Act by a margin 
wide enough—331 to 94—to withstand 
4 promised veto from President George 
|W. Bush. But the measure faces an uphill 
road in the Senate. 

The bill, H.R. 985, cover 
involving the “dissemination of false or mis- 
Jeading” scienti wmation oF actions that 
‘compromise “the validity” of federal research, 
It defines those actions as.an “abuse of author- 
ity" The legislation, which would also apply to 
instances in which government scientists are 
prevented from publishing data, includes pro- 
Visions that open-government advocates say 
will give whistleblowers better chance to pre- 
‘vail in federal court and to avoid retribution. 
It’s very important,” says David Ross, a 
former Food and Drug Administration (FDA) 
§ staffer whose accusations that the agency 
§ iunored data on liver damage in patients 
E before approving the antibiotic Ketck in 2004 


includes a lot of representations that aren't 
“unitary.” which are the equivalent of junk 
DNA in the human genome. Nevertheless, 
Adams expects the work to have a practical 
impact very soon, especially for number theo- 
tists, “The typi 
a number theorist who 
such a representation, Can you tell me if it is 
unitary?" says Adams, “Until now, that’s 
been a very painful procedure to figure out.” 
With the atlas, it could become a simple 
lookup. “If there were such an atlas, FU buy it 
immediately.” says Peter Sarnak, a number 
theorist at Princeton University. 

Mathematicians and physicists look 
likely to mine the database for years to come, 
Hermann Nicolai, a theoretical physicist at 
the University of Potsdam in Germany, says 
the fingerprints of E, can be found all over 
heterotic string theory, the most popular ver- 
sion of quantum gravity, “If you ask me if 
this will be helpful tomorrow, [ cannot say 
says Nicolai, “In the end, I think the 
mmetry of quantum gravity might be real- 
ized ina more subtle way than we understand 
yet. In that event, it will be very useful to 
have a guide oratlas.” — ~DANA MACKENZIE 
‘Dana Mackende sa witerin Sata Cruz, Calor, 


, House OKs Whistleblower Bill 


have spawned a congressional investiga 
Ross says the bill is needed because current 
protections are “worse than useless” at regula- 
tory agencies such as the FDA and do not 
cover scientific disputes. 

But others feel the bill would force the 
courts to address scientific questions out- 
side their expertise. “If an agency or the 
Administration disagrees with the findings 
of a particular scientist, we should not be 
opening up our judicial system for those 
disagreements to be litigated as federal 
employee personnel issues.” said Represen- 
tative Bill Sali (R-ID) during an unsuc 
ful effort on the floor to scrap the science 
provisions, Science policy expert Roger 
Pielke of the University of Colorado, Boul- 
der, wonders how the provisions would be 
enforced, positing a situation in which an 
incorrect weather forecast could be labeled 
an abuse of authority because it contained 
false information. 

A lobbyist for the Union of Concerned 
Scientists. which supports the legislation, 
says that such arguments could hold sway in 
the Senate, which presents a “much more 
challenging” environment, -EL KINTISCH 


Itching for a Space Fight 

The battle between the White House and con- 
‘ressional Democrats over NASA's budget 
dominated two hearings last week, Senator 
Barbara Mikulski (O-MD), who chairs NASA's 
funding panel, told NASA Administrator 
‘Michael Griffin that “there is simply too much 
pressure on NASA's budget.” Her proposed 
solution—adding $1 billion to the agency's 
$17.3 billion 2008 request—would reprise a 
bipartisan effort that falled last year. 

Earlier the same day, House Science and 
Technology Committee Chair Representative 
Bart Gordon (D-TN) warned Griffin that 
“NASA is headed fora train wreck,” Both law 
‘makers fear that science will be robbed to pay 
for rising space station, shuttle, and explo 
‘ation costs. The White House is likely to 
‘oppose a bigger budget. ANDREW LAWLER 


Bignami Back in Orbit 


TURIN, ITALY—Giovanni Bignami has 
‘etummed to the Italian space agent, this time 
a its director The space scientist was scientific 
director from 1997 to 2002, resigning after 
aly decided to save $20 million by backing off 
its commitment to build a radar instrument for 
‘a NASA spacecraft going to Mars. 

Bignami says he accepted the job, 
offered last week, because he “strongly 
believes” aly is committed to relaunching 
its space research program. Bignami cur 
rently chairs the space science advisory, 
committee for the European Space Agency, 
“His high international profite will help Ita 
ian space science,” says Marcello Onofri of 
the University of Rome, La Sapienza, 

FRANCESCO DE PRETIS 


Reflowing the Oceans 


The ocean science community is reuniting two 
ofits organizations in hopes that one voice wil 
speak louder to Congress and the White House. 
The Consortium for Ocean Research and Educa- 
tion (CORE)—a 13 year-old advocate for ocean 
research, education, and policy—and the 
31-member Joint Oceanographic institutions 
GOD—manager of large-scale research pro- 
‘grams such as ocean drilling—had separated 
in 2000 at a time of expanding support for 
‘ocean research, But now, many of those proj- 
ects are being squeezed by soaring oil prices. 
The merged organization wil provide “a 
united voice for the community,” says JO 
‘board chair Marcia McNutt of the Monterey Bay 
Aquarium Research Institute in Moss Landin 
California. Steven Bohlen now runs JO}, and 
retired Admiral Richard West heads up CORE, 


RICHARD A. KERR. 
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| NEWS OF THE WEEK 


MICROBIOLOGY 


New Bacterial Defense Against 
Phage Invaders Identified 


Humans are not alone in having to fend off 
pathogens; even the simplest organisms are 
under a constant threat of invasion. Bacteria, 
for example, are awash in a sea of viruses 
known asbacteriophages, ryss hal 
the bacteria on Earth are killed [by bacterio- 
"says phage expert Vincent Fischett! 
t University in New York City. 
“Ir'sa constant battle.” Researchers have now 
identified a new defense mechanism that 
helps bacteria hold their own in this battle, 

‘On page 1709, a team led by Philippe 
Horvath and Rodolphe Barrangou of 
Danisco, a Danish company that produces 
bacterial cultures and other materials for the 
food-processing industry, reports that bacte- 
ria use a system, apparently akin to the RNA 
interference (RNAi) system of higher organ- 
isms, to block phage reproduction, thus mak- 
ing them resistant to infection. 

The work could help the food and 
biotechnology industries, which use bacterial 
‘cultures to make products such as cheese and 
youurt as well as proteins for human medi= 
tine, These industries, Fischetti says, “have a 


terrible problem with phage” ruining their 
cultures and could benefit from better phag 
resistant bacterial strains. 
¢ Danisco team’s work also provides 
1 biological evidence fora function of 
so-called CRISPR sequen 
idemtified in 2002 by Leo Schouls of the 
National Institute of Public Health in 
Bilthoven, the Netherlands, and his col- 
leagues, These sequences, formally known 
by the descriptive name of “clustered re 
larly interspaced short palindromic repeats” 
because of the way they are arranged in the 
genome, are widely distributed in the 
genomes of both Bacteria and Archaea. 
Accompanying the CRISPR sequences 
are a suite of perhaps four to 10 cas 
(CRISPR-associated) genes. Researchers 
have made a number of proposals about what 
these genes might do, For example, Eugene 
Koonin and Kira Makarova ofthe US, National 
Center for Biotechnology Information in 
Bethesda, Maryland, and their colleagues 
analyzed the cas sequences and, based on 
those structures, suggested in 2002 that they 


Invasion. Bacteria such as this one may acquite key 
‘defensive sequences trom infectious bacteriophage, 
attached at top. 


‘might encode a new DNA repair system. But 
more recently, Koonin says, another idea 
emerged as several groups found that the 
spacer sequences within CRISPR regions 
resemble those of sequences in phage and 
also in plasmids, small extrachromosomal 
pieces of DNA that can be transmitted 
between bacterial species. 

Ina second analysis, published by 
Biology Direct on 16 March of last ye 
Makarova, Koonin, and colleagues 


GEOLOGY 


A Trace of the Earliest Plate Tectonics Turns Up in Greenland 


Geologists have discovered the earliest known: 
remnants—by billions of years—of plate te 
tonies, the large-scale movement of Earth's 
crust, The rocks are preserved in plain sight 
among the intensely studied ancient rocks of 
southwest Greenland, a group of geologi 
reports on page 1704. These days, hot new sea 
floor forms from magma at mid-ocean ridges, 
spreads away as it cools, and eventually dives 
back into the deep interior. In its early days, 
Earth was still so hot throughout that 
researchers have wondered whether the planet 
might have been ridding itself of heat by some 
entirely different means. But the new discovery 
indicates there was a modern-day plate tee 
tonics operating shortly after formation of 
Earth,” says geologist Yildirim Dilek of Miami 
University in Oxford, Ohio. 

Innumerable geologists have walked and 
flown over southwest Greenkand’s 12-kilometer- 
long stretch of baked. twisted, and tortured 
rock known as the Isua supracrustal belt, 


Dating from Earth's early adolescence 3.8 bil- 


tion years ago, the Isua rocks hold clues to how 
the young planet worked hack when life might 
have gotten started. In fact, it was the search for 


Norway, and colleagues to Isua in 
2006, Furnes had long studied much younger 
scraps of ocean crust that had become stranded 
on land, called ophiolites, but that day he was 
looking for sea-floor lavas that might hold 
traces of ancient microbial borings 

‘Then Fumesand his colleagues came upon 
the sheeted dikes. These banded rocks are the 
hallmark of ophiolites and thus of sea-floor 
spreading. Built like a stack of cards. they are 
composed entirely of the thin sheets of once- 
molten rock injected into the crests of mid- 
‘ocean ridges as the newly formed plates spread 
away from the ridge. The Isua sheeted dikes are 
near previously identified components of ophi- 
lites: distinctive “pillow” lavas extruded on 


12 dikes, rock that 
solidified in magma chambers that fed the 
dikes, and never-melted mantle rock below 
that, “The major components [of an ophiolite} 
appear to be all there,” says geologist Kent 
Condie ofthe New Mexico Institute of Mining 
and Technology in Socorro, “I'm convinced” 
70 Earth had sea-floor spreading almost 
2 billion years earlier than previously known, 
What about the other end of the tectonic 
process? Today. old sea floor dives steeply into 
the deep interior on top of a relatively cold, 
rigid slab of tectonic plate, a process called 
subduction, But some geophysicists had sts 
pected that old ocean plates might once have 
recycled themselves differently—say, by 
sinking straight into a hot magma mush as if 
it were quicksand, 3 


Furnes thinks, but can’t prove, that some= 
thing like modern-day subduction Was going 
‘00 3. billion years ago. Rocks adjacent to the & 
Isua ophiolite geochemically resemble » 8 
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proposed that the Cas proteins and 
CRISPR spacer sequences. which were 
presumably picked up by the bacteria dur- 
ing prior phage infections, together consti 
tute a bacterial immune system that works 
by a mechanism simitar to that of RNAi in 
higher organisms. The idea is that the spac 
ers make short RNA sequences that can 
bind t complementary sequences in mes- 
senger RNAs made by invading phages. 
This would block their translation into pro- 
teins and mark them for degradation by Cas 
proteins, some of which resemble those 
known to be involved in RNAi 

The Danisco group has now provided 
direct evidence for that hypothesis. Working 
with the bacterium Streptococcus 
thermophilus, which is widely used to make 
yogurt and cheese, the researchers found that 
infection of the bacteria with phage leads to 
incorporation of phage-related spacer 
Wes Within a CRISPR region. Such bac 
sistant to further infection by 
ge strains that contributed those 
sequences, But “if you take the spacers out, the 
resistance is last.” Says Horvath, who works at 
Danisco’s lab in Dangé-Saint-Romain, France, 
The team also showed that at least one cas 
gene, which encodes a possible RNA-dicing 
nuclease, is necessary for the phage resistance, 
This shows, Fischetti says, that bacteria have 
“a very neat mechanism by which they are able 


the ph 


to keep bacteriopha 

Dennis Romero, a member of the Danisco 
team at the company’s lab in Madison, Wis- 
consin, says that the CRISPR system may 
havea wider function as well. “In addition to 
phage. the spacers also match chro- 
mosomal and plasmid sequences,” he notes, 
‘and thus they might help control normal bac- 
terial gene activity 

Whether or not that is the case, the find- 
ings open the door to using the CRISPR sys- 
tem to block specific gene activity in bacte- 
is used in higher organisms. 


isthe possibility of producing 
more phage-resistant bacterial strains for 
industrial use. This could be accomplished by 
genetically engineering bacteria with appro- 
priate CRISPR sp: 
Sys, howeve 


Horvath 
that “Danisco has no plans to 
‘consumer concerns about 
GMO [genetically modified 
isms), particularly in Europe.” 

The researchers plan instead to simply 
ia to various phage strains and 
those tha ant. They 
can, however, use their knowledge of the 
CRISPR spacers to help screen for bacteria 
that carry the right spacers to confer the 
resistance they want. “Although we can 
zenetically engineer.” Romero says. “we 
found that nature ean do the work for us 

JEAN MARX 


re resist 


rocks called boninites. These rocks are cooked 
up only beneath island chains perched over 
subduction zones like those in today’s westem 
Pacific. If Isua has bona fide boninites, a 
magma mush would not work 

All the Ista rocks come from “a pretty 
well established subduction zone similar to 
what we have today.” concludes Dilek 


“They're hard to explain in any other way 
Condie can’t quite agree. “I don’t think it’s 
100% definitive.” he says. “There's just 
‘enough ambiguity that it may or may not” 
have been entirely modern subduct; 
Enough ambiguity that Isua geok 
be heading back to the field with new eyes 
this summer. 


New Strategy to Fight AIDS 


PRETORIA, SOUTH AFRICA—A new govern- 
ment plan aims to cut South Africa's HIV 
infection rate in half and to quadruple the 
‘number of infected persons receiving anti 
retroviral (ARV) therapy by 2011, The 5-year 
strategy, presented at a conference last week, 
sets targets to meet the commitments made 
bby South Africa's vice president in December 
Science, 1 December 2006, p. 1378). The 
government will ask Parliament for nearly 
2 billion, about 40% of which would pay for 
ARV medications, and wants business donors 
to match that sum. Francois Venter, head of 
the Southern African HIV Clinicians Society, 
estimates that “more than a million” South 
Africans would be on ARVs in 5 years if the 
plan is fully implemented, 

‘About 5.5 million South Africans are 
infected by HIV, and roughly 230,000 now 
receive ARV therapy. Robin Wood, co-director 
of the Desmond Tutu HIV Centre in Cape 
Town, cals the plan “a great advance.” 
Although the goal may be difficult to reach, 
hhe says, “it's better to set targets too high 
than to have no targets.” 

ROBERT KOENIG 


Purdue Welcomes Mann Institute 


Purdue University in West Lafayette, Indiana, 
thas clinched a deat to join what the Alfred 
‘Mann Foundation hopes wil bea billion: 
dollar-plus network to shepherd university 
biomedical inventions to the market. 

Alfred Mann institutes are designed to be 
‘governed by a board equally split between the 
university and the California-based Manin 
Foundation. Some universities have balked at 
the proposed arrangement, fearing a los of 
control over their intellectual property. Last 
year, two North Carolina universities turned 
thumbs down on a Mann endowment 
Science, 26 May 2006, p. 1127), although 
‘Mark Crowell, technology transfer official at 
the University of North Carolina, Chapel Hill, 
says the door i stil open to negotiations. 

One provision gives priority to Indiana 
‘companies in licensing or purchasing tech: 
nologies developed at the institute. Purdue 
President Martin Jischke won't discuss other 
details of the agreement, announced 16 March, 
‘but says everyone's very happy with it. Mann 
intends to finance at least 10 more institutes, 
prototype was set up in 1998 at the Univer 
sity of Southern California in Los Angeles, and 
a second was created last October at Technion 
University in Israel. 

CONSTANCE HOLDEN 
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Having a Blast, Wish You Were Hore 


The Large Hadron Collider at CERN will smash particles at pcbind Sharan, « plyAIaA BE CERN 
unprecedented energy and may open new realms of discovery. It will sey areal ht 
secure Europe's ascendancy in particle physics for years to come 


nt frequency, you can 


NEAR GENEVA, SWITZERLAND—Measuring hi 


in November, they hope 
and most complex experimental device e 
its warm-up laps, Sma 


the previous record, the LHC should blast out 
the one bit of matter missing from physicists 
theory of the known particles. It could also 
spit out a slew of other particles and open a 
new era of discovery. The LHC will make 
CERN the world’s center for particle physics. 

Considering its size and technological 
complexity, the LHC “is the modern equiva- 
ent of the pyramids.” says Peter Limon of 
Fermi National Accelerator Laboratory 
(Fermilab) in Batavia, Illinois, who is work- 
ing on the machine. But the LHC is more than 
a technological marvel. Itembodiesa broader 
movement in particle physics. For decades. 
the United States paced the field. Now, as the 
LHC eclipses Fermilab’s Tevatron collider. 
Europe takes the lead, “It is certainly true 


that the center of gravity of physics has moved 
to CERN.” says Hans-Ake Gustafsson, an 
experimenter from Lund University in 


4 Broad shoulders. Protons will collide in the centers 
G of titanic ATLAS and three other detectors. 


Sweden, “And th 
because it’s invest 


nizes that 
im the 


experiments here, 
No one knows what the LHC will find 

But this much is clear: The LHC has already 

created a revolution in particle physics. 


LHC or -EST 
It is difficult to describe the LHC without 
resorting to superlatives. Not only will the 
LHC smash 
but it will also feed the largest 


ticles at the highest enk 


and most com- 
plex particle detectors ever built fora collider. 
They will pump out the greatest torrent of 
data; ina year, each could filla stack of DVDs 
zh, The LHC will consume a 
avatts of power, enough to 


k 


ometers h 


sustain every household in the canton of 
Ata cost of 4.7 billion Swiss fra 


Genev, 
($3.8 billion), it’s the most expensive collider 


ever built. The United States is chipping in 
$531 million, mostly for detectors, 
Numbersalone cannot convey the immen- 
sity of the project, however. Step into the hall 
the ATLAS detector, and you find 
yourself face to face with a machine eight sto- 
ries tll and halfas long as.a sovcer field. The 
thing could fill the nave of a cathedral, but 
ud of the Holy Spirit, i's packed with 
particle trackers. light-emitting crystals, and 


‘enough other gizmos to fill 100 million data 
channels. And it’s as precise as itis big, says 
CERN’s Peter Jenni, spokesperson for the 
1800-member ATLAS collaboration. It ca 
measure the curving path of a particle called a 
muon to within 40 micrometers, half the 
th of a human hair 

below the French countryside 
o the east and the Jura 


Mountains to the west, the accelerator itself 


looksa bit like a glorified sewer pipe. Visitors 
to the LHC’s otherworldly tunnel must carry 
sn packs in case the machine's cryogenic 
system leaks suffocating helium; workers on 
ik up on the inattentive. The LHC 
one side of the gently curvin 
ndless line of big blue cylinders 
connected end to end like sausages. These 
are the revolutionary magnets that steer the 
beams around the ring. Twice as stron; 
those at Fermilab’s Tevatron, they in fact 
house two acc 


tunnel, an 


jerators carrying protons in 
‘opposite directions, 
The brawny collider aims foremost to 


complete the so-called standard model of 
the known particles, says Jonathan Ellis, a 
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theorist at CERN. “You could consider the 
Higgs boson the period on the end of the 


standard-model sentence,” he says. But 
physicists hope the standard model is not the 
final word and that LHC will blast out other 
particles and surprises (see p, 1657). "We 
had Stephen Hawking here, and he told us 
that he wasn’t so sure we'd find the Higgs 
boson and that he was more interested in 
mini-black hol People hi 
different ide 

Mighty ATLAS. 
those bre: 
“I's 
prepared and whose detector is more com- 
plete” when the LHC starts running, 
Tejinder Virdee of Imperial College Lon- 
don, spokesperson for the 2359-membe 
CMS collaboration. “They can confirm 
[our discoveries}, that’s allowed.” The LHC 
could discover the particles predicted by a 
concept called supersymmetry after run- 
r, Virdee says. But the 


es.” Jenni says. e 
nd CMS will race for 
throughs at the energy frontier 
to come down to who is bet 


ning for just ay 


“Society is willing to pay a 
certain amount and no 
more, and to make the 
LHC possible, we had to 


be innovative. 
—Lyndon Evans, CERN 


LHC will also feed two specialized detee- 
jors to stake claims to leadership in other 


areas as well 

A detector called LHCb will study the 
asymmetries between particles containing 
elementary bits of matter called bottom 
‘quarks and their antimatter foils. Physicists, 
at specialized colliders in the United Sta 
and Japan have studied the subtle differences 
as the bottoms de “of 
«quark, in hopes of finding hints of new parti- 
cles (Science. 13 October 2006, p. 248). 
Even if ATLAS and CMS see those particles 
directly, “you want to study how things 


1653 


| NEWSFOCUS 


couple to these new particles, 
CERN’s Tatsuya Nakada. “And that's what 
you can do with flavor physics 
Seven kilometers away, a detector n 
ALICE will study a soup of particles: 
quark-gluon plasma. The ultrahot plasma 
filled the 
Brookhaven National Laboratory in Upton, 
New York, have recreated it by smashing 
gold nuclei with their Relativistic Heavy Ion 
Collider (RHIC). For a few weeks a year, 
the LHC will smash lead nuclei at energ 
28 times higher, letting ALICE peer deeper 
into the fleeting plasma, says CERN’s Jiirgen 
Schukraft, “The things you can look at here 
you ean’t look at with RHIC even if you run 
it for 50 years.” he 


nfant universe, and physicists at 


‘Two decades in the making 

But first, researchers must complete the 
collider. After a decade of construction. 
they are on schedule to finish this year, says 
CERN’s Lyndon Evans, who leads the 
effort. (Researchers expect to lower the last 
magnet into the tunnel in mid-April.) A 
Welshman wit 


4 sonorous voice and silver 
hair, Evans has the phlegmatic demeanor of 


‘one who has dealt with crises I 


small, On his computer he pulls up 
after 


raph 
graph of progress on the LHC’s myriad, 


red 


subsystems. On each a ri 
line stands out 


just in 


time 
properties,” Evans 
bounce off it” to stay on schedule, 


In spite of the dash to the finish, the push 


for the LHC has by 
dreamt the collider up more than 20 years ago 
as CERN built another machine, the 
Large Electron-Positron Collider (LEP), 
which ran from 1989 to 2000, In fact, they 
planned to reuse LEP'S tunnel and feed the 
LHC with existin “Without 
that, it would have been impossible to build 


the machine on a constant flab] budget,” says 
CERN Director General Robert Aymar, Atthe 
time, physicists in the United States were 
he 87-kilometer-long Super- 
conducting Super Collider (SSC), The LHC 
couldn't match the SSC’s energy, but it could 


planning 


smash more particles, says CERN chief scien- 
tist Jos Engelen. In 1993, the ULS. Congress 


killed the uncompleted SSC, leaving the field 
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Stability, International Character 
Honed CERN's Competitive Edge 


The qualities that helped the lab make the LHC a reality could put it a step ahead 
in the race for the next great particle smasher 


In the 1980s, physicists hammered out plans 
fora gargantuan particle smasher that would 
reveal the key bit of matter that would com- 
plete theirtheory of the known particles. The 
behemoth would also blast out scads of new 


particles and open new vistas of inner space. 
It would be the hub about which the world of 
particle physics would turn for decades. 
Meanwhile, a few rchers at the 
European lab, CERN. near Geneva, 
Switzerland, mused of building a smaller 
machine on the cheap. They called it the 
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Hadron Collider (LHC), 

Two decades later, the LHC is about to 
chase the discoveries never made by that 
other machine, the infamous Superconduct- 
ing Super Collider (SSC). Designed to 
reach energies three times higher than those 
of the LHC, the SSC died uncompleted 
in 1993 when its budget ballooned from 
S4.6 billios $8.3 billion and 
the US. Congress killed it. 

Why did the SSC fail and the LHC suc- 
ceed’ Physicists can point to many stumbli 


more th 
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blocks that tripped up the SSC (Science 
3 October 2003, p. 38), Instead of building at 
anexisting 

Ww 
but expensive de 
States tried to go it alon 
national partners only belatedly, The LHC 


lab, officials chose a remote site in 


wchie, Texas; researchers made a small 


succeeded for reasons equally concrete—and 
those factors could give CERN the edge in the 
competition for the next gigantic collider, the 

shot 


proposed 31-kilometer-long straigh 
International Linear Collider (ILC), 
All agree that CERN’s rock-steady 
budget was a key to its suecess in buildi 
the LHC. In keeping with the treaty that 
created the lab in 1954, each of CERN’S now 
20 member nations supports the lab in pro- 


portion to its gross domestic product, “The 
treaty creates stability because the member 
countries recognize that this isn’t something 
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‘open for CERN. which gave the LHC the 
green light the following year. 

Even reeyeling as much as they could, 
s had to push the limits of tech- 
nology, ociety is willing to 
pay a certain amount and no more, and to 
make the LHC possible. we had to be inno- 
vative.” Researchers have designed the 
strongest magnets by far for an accelerator, 
crammed two accelerators into one set of 
magnets, used wires of high-temperature 
stiperconductor to distribute power, and 
pioneered a type of radiation-hard electron- 
ics for their detectors. They even chill the 
liquid helium that cools the magnets to an 
extra-frigid 1.9 kelvin to make it a fr 
flowing superfluid, which is also an out- 


research: 


Cosmopolitan. CERN (foreground) hosts scientists 
‘of 111 different nationalities. 


{you vote up or down every year” says CERN 
Director General Robert Aymar, The arrange- 
iment sets the lab budget 5 years in advance 
d even allows officials to borrow against 
ture income, as they did in 2002 when they 
found that the LHC was running 20% over 
budget. In contrast, the SSC was far more 
vulnerable. In the United States, Congress 
funds the national labs year by year, which 
means lab budgets fluctuate and projects 
such as the SSC face the ax repeatedly. 

When building the LHC, CERN also bene 

fited from moving continuously from one eol- 
lider to the next. CERN researchers began 
designing the LHC even as they built another 
machine, the Lange Electron-Positron Collider 
(LEP), which ran from 1989 to 2000, By using 
LEP’s tunnel to house the LHC and existing 
rators to feed it, CERN officials saved 
billions of Swiss francs and built the LHC 
the labs budget: 
Iso helped the lab acerue 
talented personnel. “The most important 
thing to making a project like this work is the 
quality of the people working unde: 
says CERNS Lyndon Evans, who leads LHC 
construction. “One of our advantages [in 
‘maintaining staff] is that we came off another 
project, LEP. which wasn’t so long ago 

Even before the LHC is up and running. 
physicists around the world are looking 
toward the next big accelerator and are t 
ing to draw some lessons from the contrast 
of the LHC and the SSC. They say 
= they will need the ILC to study in detail the 
§ new particles the LHC should spot (Science, 
21 February 2003p. 1171) Researchers in 

the United States, Japan, and Europe all 
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standing heat conductor. 
To be sure, the LHC has hit some potholes 
along the way. In 2001, a review showed that 
the project was running behind schedule and 
20% over budget, forcing the lab to scale back 
‘other projects and refinance the LHC (Science, 
28 June 2002. p. 2317). In 2004, problems 
emerged with the cryogenic lines that transport 
the liquid helium to the magnets, Workers had 
to rip out, repair. and reinstall 3 kilometers of 
line, creating an enormous backup of the mag 
nets they U been installing as soon as they 
arrived. “Tid imagined storage for 50 magnets, 
and in the end Ihad to find room for 1000." says, 
Evans, who scattered them all over the lab, 
Now, about 2 years behind their original 
schedule, researchers see the light—or, 


‘want to build the machine close to home, 
and “the U.S. and Japan had better look up 
and humbly learn from CERN’S history and 
experience.” says Nobu Toge of the Japan- 
ese accelerator laboratory KEK in Tsukuba. 
Still, Toge adds, “everyone has a long way to 
0 to leam how to make the ILC a success- 
ful global project before jumping over each 
other to see who is to host it.” 


“Very probably, CERN ha: 
an advantage over any 
other place to host an 
even-more-international 
effort than” the LHC, 
—Robert Aymar, CERN 


That hasn't stopped early jockeying, how- 
ever. Europeans point to CERN’S sui 
with the LHC and its explicitly international 
character as big pluses. “Very probably, 
CERN hasan advantage over any other place 
tobostan even-more-international effort than 
already exists.” stys CERN's Aymar. 

But Japanese and American physicists say 
they have advantages of their own. For exam- 
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more correctly, the other end of the a 
ator—at the end of the tunnel. Soon workers 
Will put down their wrenches and welding 
torches, and researchers will begin to bring 
the machine to life. “We are very excited.” 
Engelen says, “and a bit worried b 
now we have to deliver.” 


See you in Switzerland 
Already, physicists are flocking 1 CERN in 
anticipation, Some 7300 of 111 different 
nationalities have registered to work on the 
site, as the LHC lures talent away from other 
experiments, such as CDF and DO at Fermi- 
Jab, “When I was hired, I started to work on 
D0,” says Adam Yurkewiez, a postdoc at 
Stony Brook University in New York, "But | 


ple, CERN'S unwavering budget could actu- 
ally be a liability in the competition for the 
ILC. Although CERN’ funding doesn’t dip 
unpredictably it also doesn’t climb quickly, as 
all 20 member nations must agres 
increase, In contrast, the U. 
rapidly ramp up funding for projects. 
US. system is more dynamic and can react to 
things more quickly.” says Pier Oddone, 
director of Fermi National Accelerator Labo- 
in Batavia, Illinois. That may be impor 
the ILC, which will probably cost 
$10 billion and S15 billion, with the 
g up half the tab. 

Physicists in North America and Asia also 
note that, although CERN is an international 
laboratory, it does not embrace all countries 
lly. CERN'S 20 member nations 
special status compared to “guest” n 
such as Japan and the United States, and many 
‘question whether the treaty structure is lexible 
enough to accommodate atrly global proje 

Timing may be key. CERN will be paying 
off the LHC until 2011, and after that, the lab 
plansto upgrade the machine t produce even 
‘more collisions. So CERN will have its hands, 
full until the middle of the next decade, In 
‘contrast, the United States will have no collid- 
ers for particle physcis in operation after 
2009. Japan has smaller collider that it may 
upgrade and will soon be finishi 
proton accelerator complex. “If we plan to 
build the ILC in the 2020s, CERN is a good 
candidate,” says KEK’s Mitsuaki Nozaki 
“However, if we wish to start construction 
soon afier the first physics results come out of 
the LHC around2010, then the U.S. and Japan 
are the only realistic candidates’ 

Of course, whether the ILC gets built at all 
depends on whether the LHC discovers any- 
thing worthy of further study. AG 
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nted to switch t ATLAS be 
it'sthe foreffont; it's the place for discovery.” 

In fact, CERN feels a bit like a resort for 
the nerdy set. Motley buildings nestle along 
streets named for Einstein, Feynman, and 


other famous physicists, Here and there lies 
equipment awaiting assembly. In the 
inthe ato chat 
over a beer, a Danish Carlsber 
Budweiser. “There isa different atmosphere 
than in the U.S.," says David Silvermyr, a 
Swede from Oak Ridge National Laboratory 
in Tennessee. “It you go to lunch here, people 
are talking about, “We're excited about this. or 
‘We're going to build that. In the U.S. people 
talk about budgets, 

But if the LHC is changing the map of 
particle physics, leap in the 
field's evolution toward ever-bigwer projects. 
Since the 1960s, experimental collaborations 
have grown to include dozens, then hun- 


or Czech 


dreds, and now thousands of scientists. That 


explosive expansion has led some particle 
physicists to seek more intim 
other fields (Science, $ January, p. 56). But it 
doesn’t faze those who have chosen to work 
at the LHC. “Ti still have a sense of satistac- 
tion no matter what was discovered and how 
big a role I had in it,” Yurkewiez says. “ld 
know that I contributed.” 

Nevertheless, researchers recognize the 
challenge of rising from such a crowd to a 


environs in 


position of leadership. “It isa very compet- 
itive environment,” says Rosy Nikolaidou 
of CEA Saclay. France, who works on 
ATLAS. “Each day, you have to prove that 
you are the best and that you deserve your 
chance.” Nektarios Benekos, an ATLAS 
member from the Max Planck Institute for 
Physics in Munich, Germany. says young 
researchers must think strategically to 
avoid. for example, being pigeonholed. “For 
sure, you must not stick too much to a par- 
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ticular subsystem, because you lose touch 
with the entire detector.” he says. 

Those who cannot move to Europe face 
act with exper 
ers away. That's 


a big problem for American physicists. 
who make up 20% of the ATLAS team and 
30% of the CMS team. To address it, physi- 
cists are relying in part on a high-capacity 
‘computing network called the Grid to trans- 
mit data to key labs in other countries. Those 
alysis support centers” will serve as gath- 
ering places that bring the LHC a litte closer 
to home, says Michael Tuts of Columbia 
University, who manages the US.s ATLAS 

“They' 
you can go and get the water-cooler conver- 


research program. places wher 


satio 

In fact, even as CERN draws people, the 
Grid should help extend the reach of parti- 
cle physics across the globe, says Harvey 


Newman of the California Institute of Tech- 
nology in Pasadena, who chairs the board 
that oversees the U.S.’ CMS team. “Ther 
are countries that weren't in the field in a 
and now they are there,” he 
says. For example, physicists in Pakistan, 
India, and Brazil will have access to the 
LHC data in their home countries. 


Waking the giant 

The full torrent of terabytes may be a while in 
coming, however. Researchers plan to send 
protons around the ring in November and 
begin taking data next spring. Even then they 
Will start at low energy—less than half the 
Tevatron’s—and with low beam intensity, or 
“luminosity.” “If we can get up to a tenth of 
design [luminosity at full energy] after the 
first year. [ think that would be miraculous.” 


says Michael Lamont, an accelerator physi- 
cistat CERN. “And I think the experimenters 
would be quite happy with that.” 


VOL315 SCIENCE 


Researchers must go slow because the 
LHC is the first collider powerful enough to 
destroy itself. Each of the LHC’s beams 
packsa staggering 362 megajoulesof energy, 
the equivalent of 90 kilograms of TNT and 
enough to melt 500 kilograms of copper. 
Should the machine accidentally steer a 
beam into its own innards, the protons could 
drill a hole tens of meters long, potentially 
taking the LHC out of aetion for months. 

To prevent such a calamity, accele 


or 
physicists have gone to extremes to protect 
the LHC from itself; More than 4000 super- 
fast beam-loss monitors will sense protons 
spr 


ing out of the beam. Independently, 


n-current monitors will infer losses by 
measuring the amount of circulating 


m-position monitors will 
sense when the beams stray from their 
proper course. These systems ean tr 
magnets that can safely kick the bi 
out of the machine in the few hundred 


ms 


microseconds it takes to make two or three 
revolutions, less time than it takes a wobbly 


beam to veer off course entirely, “For the 
LHC, we've tried from the start to cover all 


Marios $0 


the different possible failure s 
that we don’t have an accident,” says 
CERN’s Ridiger Schmidt 

Even if nothing goes wrong, physicists 
must take extraordinary steps just to make 
the LHC run, The collider is designed to 
pack 10" protons into each beam, and if just 
‘one 10-millionth of them flew into a mag~ 
net, they would heat it enough to temps 
ily kill its superconductivity, triggering 
beam dump. To avoid such “quences. 
researchers have installed hundreds of 
adjustable constrictions called collimators 
that will catch the inevitable wayward parti~ 
cles. “Out of every 1000 particles [headed 
toward the collimators}. not more than one 
should escape to reach the magnets down- 
stream,” says CERN’s Ralph Assmann, 
“Without this system, the LHC cannot run.” 

Those are just the technical challe 
When the time finally arrives to power up 
the machine, the main challenge will be 
‘managing the people, Lamont say, “There's 
going to be a lot of people standing in the 
control room, maybe not twiddling the 
knobs but looking over your shoulder, and 
that’s as it should be: this is as exciting as it 
s." Lamont says. “But what you really 
‘want is four guys sitting behind closed doors 
quietly figuring out how to make it work.” 
Those four will have to cope with the crowd. 
Who could blame anyone for wanting to be 
there when the LHC ushers ina new era in 
particle physics? 
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Physicists’ Nightmare Scenario: 
The Higgs and Nothing Else 


‘Many fear the LHC will cough up only the one particle they've sought for decades. 


Some would rather see nothing new at all 


Suppose youare a particle physicist. A score 
of nations has given you several billion 
Swiss franes to build a machine that will 
probe the origins of mass, that ineffable 
something that keeps an object in steady 
on unless shoved by a force. Your pro- 
posed explanation of mass requires a new 
particle, cryptically dubbed the Hi: 
boson, that your machine aims to espy 
When, afier 2 decades of prepat 
get ready to switch on your rig, you would 
fear nothing more than the possibil- 
ity that you Were wrong and the par- 
ticle doesn’t exist, right? Not exactly 

Many particle physicists say their 
greatest fear is that their grand new 
machine—the Large Hadron Col~ 
fider (LHC) under construction at the 
European particle physics labor 
tory, CERN. near Geneva, Switze 
Jand—will spot the Higgs boson and 
nothing else. If so, particle physies 
could grind to halt, they say. In fact 
if the LHC doesn’t reveal a plethora 
of new particles in addition to the 


mo 


Higgs, many say they would rather it 
nothing new at al 
That may seem perverse, but put 
yourself again in the shoes of a parti- 
‘le physicist Inthe 1960s and 1970s, 
researchers hammered out a theory 
called the standard model that, in 
spite of leaving out gravity and suffer 
from other shortcomings, has explained 
everything seen in collider experiments ever 
since and left physicists with few clues 10 8 
deeper theory. At the energies the LHC will 
reach, the standard model 
spitting out negative probabilities and other 
nonsense. So the collider has to cough up 
something new, researchers say. IF itspits out 
only the Higgs, however, the new golden 
of discovery could end as soon as it 
It the lone Higgs has just the right mass 
about 190 times the mass of a proton—it 
‘would tie up the standard model's loose ends 
and leave physicists even more thoroughly 
stymied than before, says Jonathan Ellis, a 
theorist at CERN. “This would be the real 
§ five-star disaster.” he says, “because that 
§ would mean there wouldn't need to be any 
8 new physics all the way up to the Planck 


oes haywire 


scale,” the mind-be ly 
which gravity pulls as hard as the other 
forces of nature, The Higgs alone could 


If, on the other hand, the LHC sees no 
new particles at all, then the very rules of 
quantum mechanics and even Einste 
cial theory of relativity must be wrong. 
would mean that everything we thoug 


ssp 


knew about everything falls apart,” says 


a bang. 5 


ry but is so 


ssentially impos- 
sible” for the LHC to see nothing new 
Newman says, Others agree. 
Physicists have no similar g 
the LHC will rew 
also exotic new particles that would point to 
new physics and open a new era of discov- 
ery. So the LHC is a gamble, and many are 
pull we shots, 


srantee that 
but 


not only the H 


for the more exciting lo 


Quack like a Higgs 

Easily the most famous particle not yet dis- 
covered, the Higgs has even been crowned 
the “God particle” by one Nobel laureate. In 
reality, however, it is merely an ad hoc solu- 


tion to an abstruse problem in the standard 
model: how to give pa 
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The particular challenge is to give mass 
to particles called the W and Z bosons, 
which convey the weak nuclear force. 
According to the standard model, the weak 
force that causes a type of radioactive 
decay and the electromagnetic force that 
powers lightning and laptop computers are 
two facets of the same single thing. The 
two forces aren't precisely interchan; 
able: Electromagnetic forces can stretch 
between the stars, whereas the weak force 


doesn’t even reach across the atomic 
nucleus. That range difference arises 
because photons, the quantum part 
that make up an clectromagneti¢ field, 
have no mass. In contrast, the particles 
that make up the weak force field, the W and 
Z bosons, are about 86 and 97 times as 
massive as the proton 

Unfortunately, the persnickety stan- 
dard model falls apart if theorists 
simply assign masses to the W, Z. 
and other particles, So the masses 
must somehow a m inter- 


actions of the otherwise massless 
part 


es themselves, In the 1960s, 
1 Higgs. a theorist at Edinburgh 
University in the U.K., realized that 
empty space might be filled with a 
field, a bit like an electric field, that 
could drag on particles to give them 


inertia, the essence of mass, The 
field would consist of a new parti- 
cle, the Higgs boson, lurking “vir- 
tually” in the vacuum, 

Nature appears to follow this 
scheme. Using it, theorists predicted 
the masses of the W and Z, And at 
CERN in 1983, the two particles 
weighed in just as expected, in colli- 
tic enough to pop them 


sions e 
‘out of the vacuum, 

Now, mounds of data point to the Higgs. 
For example, the lifetime and other proper- 
ties of the Z depend on the cloud of virtual 
particles flitting around it like flies swarming 
a rotten ham sandwich, Precise studies of the 
Z suggest that a Higgs at most 200 times as 
hefty as the proton lurks in that cloud. Com- 
paring the masses of the W and a particle 
led the top quark shows a similar thing, 
says Gordon Kane, a theorist at the Univer- 
sity of Michigan, Ann Arbor, “These are two 
completely independent pieces of evidence 
that there is something that walks and talks 
and quacks like a Higgs.” Kane says. “The 
existence of the Higgs in the LHC range is 
essentially certain. 


Discovering the Higgs would complete 
the standard model. But finding only the 
Higgs would give physicists little to go on in 
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their quest to answer deeper questions, such 
as whether the four forces of nature are 
somehow different aspects of the same 
thing, says Aldo Deandrea, a theorist at the 
University of Lyon I in France. “If you have 
just a Higgs that is consistent with the stan- 
dard model, then you probably don’t know 
\Wwhat to do next,” he says. “What then’ 


Good taste and extra dimensions 
Most researchers say they'll never face that 
question because the LHC will discover 
plenty of otherthings, Many expect itto blast 
out particles predicted by a concept called 
supersymmetry (SUSY), which posits a 
heavier “superpartner” for every known par- 
ticle, That may seem unduly complicated. but 
SUSY solves problems within the standard 
model, points toward a deeper theory, and 
may even explain the mysterious dark matter 
whose gravity holds the galaxies together. 
“SUSY is unique in that it does all these 
things automatically.” CERN’s Ellis says. 

Most concretely, SUSY solves a techni- 
cal problem caused by the Higes boson 
itself. The Higgs, too, must be shrouded in 
virtual particles, and they ought to send its 
mass skyrocketing. SUSY would explain 
why the Higgs is as light as it appears to be, 
because mathematically the effects of part- 
ner and superpartner on the Higgs mass tend 
to cancel each other. SUSY would also help 
explain the origin of the Higgs, which is just 
tacked onto the standard model but emerges 
naturally from the structure of SUSY 

SUSY could also help 
unify the four forces, The 
standard model accounts for 


three of them: the electro- 


If it has the right mass, the 
Higgs and nothing else 
“would be the real five- 
star disaster, because 
that would mean there 
wouldn’t need to be any 
new physics.” 

—Jonathan Ellis, CERN 


teracts with norma 


rand the least 
sive superpartner might just fit the bill. 
With all this evidence supporting it, SUSY 
is almost too beautiful to be wrong, some 
theorists say. “All these clues could be mis- 
leading,” Wilezek says, “but that would be 
really cruel joke by Mother Nature—and 
really bad taste on her part.” 

The LHC might 
phenomena, such as 


m: 


so reveal far wilder 


+ parts to electrons 
and other supposedly indivisible bits of ma 
ter, tiny black holes, or even new dimensions 
‘of space that open only at very high energies. 
The spare room 


LHC Stakes 1.49 milion urlongs per second, 
Purse: Nobel Prize for long-sought tf 
‘theoretical concepts, and speculative quesses. 


particles, well mativated 


could explain, forexample. why gravity is so 
much weaker than the other forces. “Some 
thing like extra dimensions I give a very 
small probability.” says Michael Tuts, @ 
physicist at Columbia University. “But the 
potential is so big that its very exciting. 


Asure bet 
None of these more exotic possibilities is 
guaranteed, And particle physicists say that 
just discovering the Higgs would be a tri- 
umph. “If the Higgs is anything like theo- 
rists predict, we will find it,” says Peter 
Jenni, an experimenter at CERN. “We 
shouldn't be disappointed if we do.” 
Physicists also admit that, regardless of 
the intellectual foment it would cause, find= 
ing nothing would create problems, at least 
with the governments that paid for the LHC. 
“Just imagine if we go to the CERN Council 
and say, “Thank you very much, we've just 
spent billions of Swiss franes, and there’ 
nothing there.’ " Ellis says. 
might be a tad disappointed, 
However, finding only the Higgs may 
make life nearly as difficult for physicists 
trying to persuade governments to build the 
next article smasher, the proposed 
International Linear Collider (ILC), Costing 
between $10 billion and $15 billion, the ILC 
would map out the conceptual terrain 
opened by the LHC (Science. 9 February. 
p. 746). By colliding indivisible electrons 
and positrons, the ILC would generate 
cleaner collisions that should reveal 
1} details of new particles that will be 
obscured by the messy proton-on- 
proton collision at LHC 
But if the ILC has only the Higgs 


think they 


reat 


magnetic foree, the weak fore vo study, then ithecomes a very hard 
and the strong nuclear force th 4. | sell both scientifically and politi- 
binds particles called quarks covery COMMENTS 0705" | cally." says David Cinabro, a partic 
into protons, neutrons,and other 4 ‘As good as discovered, 2-1 | physicist-turned-astronome! 
particles. The strengths of the Standard Modet Higgs sone, Wayne State University in Detroit, 
three increase with the energy 2-1. | Michigan, “I think you'll have a 
of collisions, and ifthe universe gig surprises Expect the unexpected really hard time arguing that’s what 
is supersymmetric, then all 54 Joo beautifulto bewrong? §— 5-2) you want $10 billion for,” he says, 
begin to tug equally hard at pre-  Supersyramn fred gues 1a Others say such speculation is 
ly the same ener Extra dimensions Moen premature and pessimistic. “We 
where below the Planck scale. than a prediction re 30 used to discussing the new 
ere below the Planck scale aa so used to discussing the ne 
That should make it easier to roll Bigger fleas have territory that we are going to enter 
on ry 
them and gravity together in one sucompostte slecttonss titles fleas thot sometimes we think that we 
grand unified theory, says Frank ®t a Weird particles hinted 49-1 | know what we are going to find.” 
Wilezek, a theorist at the Massi-  Leptoqua at by another cltider says Jos Engelen, chief scientist 
cchusetts Institute of Technolo, at CERN. “Well, we don’t, and | 
wish for 7-2 . 3 
in Cambridge Nothing Fea emia | think t will be much more excit- 
SUSY might even provide the | * ot romply 30 rd sens, posts and pests FEA 3 than we expect.” That may 
dark matter that glues the galax- | “BESS Sea ue of Syme Magn but this much is certain 
ies together. Physicists believe | morethanore 


that dark matter must consist of 
some stable particle that barely 
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already: Everyone hopes for § 
‘more than just the Higgs. 5 
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A Sluggish Response to Humanity's 
Biggest Mass Poisoning 


Arsenic-laced water has sickened thousands in South Asia. After delays and false starts, 
India is addressing the problem with a $500 million safe-water initiative 


CHANDALATHI, INDIA—Until the mid-1990s, 
the biggest foe of Gouchan and Renubala Ari 
and their extended family was poverty. Then 
4 more insidious menace began to stalk the 
Ari home in Chandalathi, a cluster of mud 
huts on the edge ofa yellow mustard field 
some 60 kilometers north of Kolkata, The 


first signs of trouble were brown spots on 
their hands and feet that, as the months 
passed, developed into thick calluses and 
later that doctors 


lesions. It was several yet 


visiting the area recognized the hallmark 


symptoms of arsenic poisoning 

Tests confirmed that water from the well 
the Aris were using was laden with arsenic 
Their oldest son and his wife were diagnosed 
\with skin cancer, a disease linked with chronic 
Jow-level arsenic exposure. Gouchan sold his 
cow, goats, and duicks to pay for their treat- 
ment. The couple died anyway. Afraid of suf= 
feri 


2 the same fate, two younger sons moved 
to other parts of India. 
home.” says Gouchan, a frail 76-year-old who 


Arsenic destroyed our 


walks with a limp because of arsenic lesions. 
“I'm tired of show 
strany adds Renubala. 
stand our misery?” 


my calluses to 
‘Who can under- 


ns, 


Thousands of families in the state of West 
Bengal have been affected by this blight 


More than 40 millio 


people here live inareas 
with elevated levels of naturally occurring 
the groundwater. A\ 

mate that 5 million in West B 


horities esti- 
al drink 
arsenic concentrations above the 


water wi 

overnment standard of $0 micro 
¢ Ban 
82 million people live in contaminated areas. 
And the problem is widen 
have 


rams per 
axlesh, more than 


In recent years, 


researchers 
found high levels of 


groundwater arsenic 
in several other 
Indian states, includ- 
ing Uttar Pradesh, 
Bihar, and Manipur. 
Although there are 
no reliable statistics 


India. and Bangladesh, 


one research group 


has counted at least 
14,000 
arsenicosis in West 
Bengal alone. The 
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Mark of a killer. Renubala’s palms bear the brown 
calluses that are a hallmark symptom of arsenicoss. 
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{tome wrecker. Gouchan and Renubalarilosttheir 
son and daughter-in-law to skin cancer attributed to 
rinking arsenic-contaminated water. 


arsenic scourge, says Allan Smith 
demiologist at the University of California, 
Berkeley, is the of a popu- 
ta 


largest poisonin; 


n in history, 


It didn’t have to turn out this way 
tainly not in India, whose government fre- 
quently touts the country’s bur 


ence and technology capacity, Here in West 
Bengal, officials have had a quarter- 
tackle the contamination, (Ban 


mntury to 
gladesh 
learned of the threat a decade later.) Yet the 
‘ernment failed to investigate it adequately 


or provide alternative water resources to 


affected areas, critics charge. “For many 


years, government officials accused us of 
rating the problem, 


and exag: says 


ogist Kshitish Saha, who uncovered 


the first cases of arsenicosis while at the 
School of Tropical Medicine in Kolkata. 
Since the early 1990s, when Indian author- 


ities began to respond more v 
ind nation 


jgorously to the 


crisis, state wernments have 


pumped tens of millions of dollars into solu 
tions aimed at providing safe water, The 
results have been lackluster, A $7 million ini- 
tiative to fit wells with arsenic filtration units 


failed because of improper maintenance 
Another strategy—drilling deep wells that 
bypass arsenic-tainted aquifers—has pro- 
duced mixed results, 

The most deplorable aspect of the tragedy 


cities say, is that Indian off 


Is have resisted 


fers about the threat, partly out 
that this could lead to societal 


unrest. This is unconscionable, siys Dips 
Chakraborti, an environmental see 
Jadavpur University (JU) in Kolk 
ple are made to realize the dangers of drinking 
arsenic-contaminated water, they will take 


ist at 


care of their awn safety.” he says 
West Bengal officials acknowledge that the 
d. But they 


say that a halfbillion- 
dollar initiative now 
under way to install 
eight surface-water 
treatment plants and 
360 high-capacity. 
deep wells fitted with 
arsenic-removal facil- 
ities will provide a 


long-term remedy to 
what ranks as one of 
the biggest public 
health disasters of 


the modern world. 
“Yes, there have been 
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delays.” says D. N. Guha Majumdar, a 
gastroenterologist on West Bengal’s arsenic 
task force. “But the governmentisacting now.” 


Shallow reactions 
Until the mid-1960s, much of West Bengal 
relied on untreated water from ponds, rivers, 
aand open wells; as a result, cholera and other 
lethal waterborne diseases took a heavy toll. 
A savior arrived in the form of shallow tube 
wells, pipes bored into the ground with a hand 
pump at the top. When the technology for sink- 
ing this sort of well became affordable, the 
government and private citizens began 
installing them by the thousands. Deaths from 
infectious diseases fell sharply. 

But the tube wells spawned a 
new epidemic. After Saha first 
linked brown calluses to ground- 
ater arsenic in 1982, the local 
government appointed a panel to 
examine the problem and find 
countermeasures, Over the next 
5 years, teams from the School of 
Tropical Medicine, the All Indi 
Institute of Hygiene and Public 
‘Health, and other institutions dee~ 
tumented evidence of chronic toxt- 
city among hundreds of villagers 
in six districts of West Bengal. 

Although some experts early 
‘on blamed the illnesses on indus- 
trial pollution, it soon became 
it the culprit was arsenic 
Huvial aquifers. Researchers 
studying the phenomenon—seen 
in many other countries, includ- 
ing China, Vietnam, Chile, and 
the United States—now believe 
that soil microbes liberate arsenic 
from harmless pyrites in the alluvium, Open 
wells, even in arsenic-rich areas, typically 
have low arsenic concentrations because 
when the water stands exposed to air for days, 
the metal binds to iron oxides and other com- 
pounds and precipitates out of the water col- 
umn, This does not happen in an enclosed 
tube well 

The crisis persuaded Chakrabort to give up 
‘a career in the United States and return to his 
Kolkata roots in 1988 to found the School 
‘of Environmental Studies at JU, Over the next 
6 years, he and his group tested hundreds of 
tube wells, as well as skin, hair. nail, and urine 
samples, They found that arsenic contamina- 
tion was widespread. In some areas, the gov- 
‘ernment dug deep wells. But officials disputed 
the magnitude of the problem and ignored calls 
from Chakraborti and others to hamess West 
Bengal’s plentiful surface-water resources for 
a long-term solution. 


Frustrated. Chakraborti took off his 
gloves. (It is easy to mistake the pugnacious 
scientist for an activist. He once scolded the 
state's environment minister for smoking at 
‘meeting; on another occasion, he advised a 
prominent arsenic researcher to take a course 
in water testing.) Chakraborti organized an 
international conference at JU in February 
1995, at least in part, he says, to embarrass 
officials into action (Science. 11 October 
1996, p. 174). He put victims front and cen- 
ter. “Thad 19 arsenic patients sitting in the 
first row.” he says. Seventeen have since died. 


The 1995 conference made Chakraborti 
Persona non grata to the state government: He 


ys he has been shut out of government- 
sponsored meetings and accused of being a 
traitor. But the event had an impact. The next 
‘year, West Bengal officials requested $200 mil- 
on from the national government for counter- 
measures, receiving less than half of the 
requlest. Part of the money expanded an initia- 
tive to sink deep tube wells in an effort to tap 
untainted water below the alluvial aquifers, 
And in 1998, West Bengal began equipping 
2400 hand-pumped shallow tube wells with 
arsenic-removall units: $1500 adsorption ti 
cers packed with substances stich as alumina or 
iron oxide granules. The state also began 
building a surface-water treatment plant in 
Mads, one of the worst-affected districts, 

For Chakraborti, this was not enou: 
Between 1999.and 2005, he and his colleagues 
‘evaluated the performance of nearly 600 of the 
hand-pumped arsenic-removal units. They 
uncovered numerous problems. Fifty units had 


been installed in areas with potable ground- 
water, while 73 were delivering water with 
arsenic concentrations above the permissible 
limit, And some 175 units allowed water 
through with unacceptable levels of iron, 
“Overall, the study showed that 82% of the 
[units] were not useful,” the researchers 
Feported last year in the Water Quality 
Research Journal of Canada, They blamed it 
on a lack of maintenance, including failure to 
periodically replace adsorption media. 

West Bengal 
analysis, Amiya Banerjee. 
state's Public Health Engineering Directorate, 
claims that 70% of the installed arsenic- 
removal units are working fi 
But he acknowledges that they a 
not being maintained well. Even 
before Chakraborti’s study came 
‘out, the West Bengal government 
in early 2006 announced that it 
would no longer equip hand 
pumps with arsenic-removal units. 
“We realized that the government 
‘cannot oversee the maintenance of 
these units." Banerjee says. 

Chakraborti’s group has also 
assailed the government’ strateyy 
for boring deep tube wells indis- 
criminately In the past 10 years the 
researchers have found that at least 
20 deep wells—100 10 150 meters 
deep—in West Bengal’s North 
24 Parganas and Murshidabad dis- 
twicts have gone fiom having virtu- 
ally no arsenie in the water at the 
‘outset to concentrations ranging 
from 30 to 150 micrograms per 
liter (exceeding the 50. 
limit) within 7 ye 
people seem blind to the risks: In interviews 
with Science, some villagers in North 24 
Parganas district sid they trusted that the water 
they drink from one of these wells is safe. 
CChakrabort argues that deep tube wells should 
be sunk only in areas where there is a thick clay 
barrier between the shallow, arsenic-contam 
nated aquifer and the deeper aquifer being 


g 
i 
H 
i 
tapped. “Subsurface geology should guide the 
i 
5 
8 


chief engineer of the 


disagree, Alexander van Geen, a 
geologist at Columbia University isa strong 
advocate of deep tube wells as a short-term 
solution in Bangladesh. He says that mecha 
cal failure ofthe wells, notarsenic leaching into 
deeper aquifers, is to blame for the handful of 
tainted wells. “Because of flawed construction, 
you end up drawing the shallow water.” says 
van Geen, whose team has documented four 
such failures out of 51 deep tube wells mor 
tored over 5 years in the Araihazar region in 


23 MARCH 2007 VOL315 SCIENCE wwwsciencemag.org 


Bangladesh. Although he agrees with 
‘ChakrabortiS push for surface water asa long- 
term solution, van Geen says deep tube wells, 
regularly monitored, are “hard to beat" 
source of safe water over the next 10 years. 
Technical fixes may be debated, but 
nobody disputes the need for better public 
awareness, Years ago, the West Bengal govern- 
ment decided to paint tube wells with potable 
\Water blue or green and leave unsafe tube wells 
‘unmarked —rather than paint them red. as 
gested by the government's arsenic task force. 
“The administration thought that woukd create 
‘unnecessary panic,” says Chandan Sengupta, a 
task force member who formerly man 
UNICEF project aimed at tackli 
problem, When JU researchers in the mid- 
1990s took it upon themselves to paint unsafe 
\wells red, Chakraborti says, “one legislator had 
the tube wells painted green and went around 
With a loudspeaker telling villagers that the 
\Waterin them was fine.” 


Overcoming inertia 
The headquarters of West Bengal’s Public 
Health Engineering Directorate is located on 
the sixth floor of a dull high-rise in the heart of 
Kolkata, Dim stairwells are splattered with red 
marks from people spitting paar, a popular 
snack consisting of fragrant condiments 
\wrapped in a leaf, Hallways throng with ven 
dors making tea on little kerosene stoves, In a 
large, open office room, desks are covered 
with mountains of paper, but many of the 
dlirectorate’s clerks and mid-ranking 


of senior off 
Amiya Banerjee. 
Banerjee says that 
the government's 
handling of the 
risis is now 
robust, “We knew all 
along that surface 
water had to be the 
g-term solution, 
but we neededa quick 
fix in the interim." he 
says, referring to the 
deep tube wells and 
arsenic-removal units 
for hand-pumped 
wells. Banerjee also 
defends the decision 
g not to paint unsafe 
$ tube wells red explaining that doing so would 
8 likely have deterred villagers from drawing 
& \vater for safe uses such as washin, 
5 
Ly 


arsenic 


to lack of maintenance. 


Inany case, Banerjee says, the government 


term solut 
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Defunct. Numerous arsenic-removal units installed 
by the West Bengal government no longer work due 


A Young Scientist 
Shaped by Adversity 


KOLKATA—First his uncle succumbed. Then 
his father, then his aunt. in 2004, when Kartik 
Biswas saw his mother, Dual, develop the same 
lesions that presaged the deaths of his other 
family members, he took a S-hour ride by bus 
‘and train from his village in Nadia district to 
Kolkata to seek out Dipankar Chakraborti, a cru- 
sading arsenic researcher at Jadavpur Univer- 
sity. The encounter changed Biswas's life. 
Chakraborti helped get Dulali admitted to 
a government hospital. Tests confirmed 
~arsenicosis, and she underwent a skin graft on 
her palm, After bringing his mother home, 
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Biswas spread the word on arsenic—for instance, by advising villagers which tube wells had 


tested pi 


tive for arsenic in Chakraborti’s lab—and collected water samples for further test- 


ing. n 2005, Dulali got sick again and was diagnosed with skin cancer, Doctors amputated her 
arm, but the cancer had already spread, and she died last October. 

This all, Biswas, who is completing a master’s degree in geography ata local college wil jin 
Chakraborti’s lab as a Ph.D. student to study countermeasures to groundwater contamination, 
Says Biswas, whose palmsand feet bear the marks of mild asenicosis, “Nobody should have to see 


their mother suffer like t did.” 


Groundwater will continue to be the ma 
Under a $300 million initiative funded jomtly 
by the state and national governments, West 
Bengal is sinking 360 lange-diameter deep tube 
wells equipped with arsenic-treatment facilities 
to pipe water to 70% of the affected population 
Government engineers will supervise mainte- 
nance of the treatment plants, Banerjee says. 
CChakraborti contends that fitting each well 
With an arsenic-treatment plant is a waste of 
money, considering that only a small percen 
‘of wells is likely 
to become contami- 
nated. Van Geen too 
labels the plan as 
flawed. “Instead of 
setting up the treat- 
ment plants right 
away, it makes more 


stay 


sense to design a 
pumping system that 
could be connected to 
an arsenic-treatment 
‘module in the future if 
the need arises.” he 
says. If the govern- 
‘ment is determined to 
install large arser 
treatment plants, he 
es, it would be wiser to purify water from 
shallow, contaminated aquifers and conserve 
the deeper. arsenic-free aquifers for future tse. 
Also under the West Bengal initiativ 
five surface-water treatment plants are being 


~. 


built. Together with three plants already 
id in North 24 Panganas, South 
and Malda, they will serve 


24 Parga 
30% of the affected population, To pay for 


costs, 


‘operatin he government will charge 
families a connection fee and about $1 a 
month, That's a risky strategy, Indian vil- 
lagers typically don’t pay for water, which 
officials acknowledge makes it difficult to 
szet them to switch from a public tube well to 
4 piped water connection. In the 3 years that 
the South 24 Parganas plant has been in opet= 
ation, only 25,000 out of the 300,000 homes 
intended to be covered by the plant have 
taken a connection 

Other efforts under way include the distri- 
bution of cheap domestic filters and a drive to 
censure that all 600.000 private tube wells are 
tested for arsenic. Majumdar of West Bengal’s 
arseni 


task force expects that everybody in 
West Bengal will have safe drinking water 
within 3 years 

Chakraborti is not as optimistic. And he 
‘wonders how many more people will suffer if 
awareness is not made an urgent priority. Ona 
recent visitto Nadia district, he meta man with 
classic arsenicosis lesions who had never 
heard about arsenic before doctors diagnosed 
his disease last December. “This man drank 
contaminated water for years and then had to 
sell his land to find out what he was suffering 
from.” Chakrabort says, “What is happening 
here isa grave injustice” 
~YUDHIJIT BHATTACHARJEE 
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The Loss of a Valuable Dolphin 


JERRY GUO'S ARTICLE “RIVER DOLPHINS DOWN FOR THE 
(News of the Week, 22 Dee 
1860) revealed no sightings of a baiji dolphin 


count, and perhaps out 
2006. p 


(Lipotes vexillifer) during a recent comprehensive survey. If 
he loss to both 


as expected, this species is truly extinet, then 1 


the natural and physical sciences is more profound than most 


(the other being the Gang 


that, although bereft of vision and olfactory 
mig 


dynamic riverine environment (/). The biol 


However, ins 


ment of technol 


The loss of this organism b 
ogy projects wit 


al is one of only two species of river do 
cesriver dolphin, Platunista gangetica) 


rate, locate prey, and find mates while navigatin 
of both species is poorly known. 


tion in extreme environments, as well as the develop 


thts the need for unbiased prioritization of conservati 


able to 
a highly 


ht into their biology could be expected to lead to advancements in acoustic- 


ies to assist vision-impaired persons, 


in biol- 


n the scientific community. Broader scientific potential contributions need to 
addition to general ecosystem health. Perhaps, other species at risk would 


receive more attention ifthe ramifications of their demise were better presented to the public 


(Oak Ridge National Laboratory, Oak Ridge, TN 37831, USA. 
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The Ethics of Transcranial 
Magnetic Stimulation 


WHEN SCIENCE PUBLISHES RESEARCH USING 
healthy human subjects. one assumes there 


Was minimal risk and/or vital clinical value. 


This does not appear to be the case forthe work 
by D. Knoch and colleagues (“Diminishing 
reciprocal fairness by disruy 

frontal cortex.” Reports, 3 p.829) 
Their results on the dorsolateral prefrontal cor- 


tex’s role in judgments of fairness and self 
but they largely vali- 


interest are interest 


dated what was already suspected. 
Experimental subjects received repetitive 

transcranial magnetic stimulation (rT MS) for 

15 min to produce “Suppression of activity in 

the stimulated brain region." The rTM 

ated an electric maelstrom 


yowerful enow 


in. Animal TMS 
research (with overexposure as in LDSO d 


disrupt all activity for 7 1 


toxicity studies) shows that anything studied 
(eg. receptor levels) is modified. For FTMS 


inhumans, known risks ra 


to, more rarely, seizures or psychosis (/). 
Long-term occult changes and self-reported 


symptoms in healthy subjects have not been 


studied, and rTMS continues to be used for 
studies both fascinating and frivolous (just 
check 
The use of FTMS on healthy subjects does 
minimal risk’ 
“not greater 


literature). 


not meet the definition of 
(45 CER section 46.102: risks. 

than those ... encountered in daily life”), 
We know that healthy subjects don’t risk 
seizures or psychosis in their “daily life. 
What we don’t know is wha 


the resi 


effects of this activity-swamping tsunami of 
electrical current are. The Report demon- 
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PERSPECTIVES 


strates naiveté about the possibility ofr TMS. 


having lo 


ive consequences, 
wuthors have used rTMS 
‘opsychiatric disorders on the 
Lasting effects (2), Roe! 
technology was also once thought harmless, 


to treat net 


basis of its lon, 


and X- 
(3). We know better now. 

LESLIE SARGENT JONES. 
Associate Professor, Pharmacology, Physiology and 
Neuroscience, School of Medicine, Member, 
Institutional Review Board, University of South 
Carolina, Columbia, SC 29208, USA. E-mail leslie 
Jones@schs.0s 


ys were used to check shoe sizes 
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Response 
WE THANK JONES FOR HER LETTER, WHICH 
offers the opportunity to discuss the saetyof 
ranscranial magnetic stimulation (TMS) and 
the ethics of TMS rese. 


ech in humans and to 


address common prejudices about its applica- 
tion in healthy subjects, Research on human 
subjects should indeed be done with utmost 
attention to the protection of all participants, 
An international workshop on the safety of 
TMS held at the National Institutes of Health 
in June 1996 concluded that the risks of 
single-pulse, paired-pulse, and slow repeti 
tive TMS (SI Hz) are minimal for populations 
‘without certain predisposin 


conditions, pro- 


vided that appropriate safety guidelines and 


precautions are followed (1). In our study, we 
applied slow, 1-Hz repetitive TMS (rTMS) 
in strict adherence to the recommended 
guidelines (7), which have been endorsed 


by the International Federation for Clinical 


Neurophysiology (2), 


In predisposed patients, e.g., those on cer- 
n medications or with underlyin, 


suropsy- 
chiatric conditions, there is a rare possibility 
for serious adverse effects, most notably a 
seizure or the induction of psychotic symp- 
toms (3). However, the 
with slow rTMS in healthy subjects. In addi- 
tion, in all our studies, each subject partici- 


have never occurred 
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pated voluntarily and on the basis of the provi- 
sion of all relevant information. The expeni- 
‘mental nature of the intended procedure was 
ide clear at the outset, and all 
‘were filly informed of any reasonably fore 
able risks or discomforts and about the fact that 
they would not derive any direct benefit from 
their participation in the study. This included 
notification of the possibility of seizures. 

Contrary tothe opinion expressed by Jones, 
‘we firmly believe thatthe findings of our study 
provide novel insights into the role of the right 
dorsolateral prefrontal cortex (DLPFC) in the 
contro! of self-centered motives and in overrid- 
ing economic temptations, Such findings may 
have profound applications fora variety of ne 
ropsychiatric conditions. For example, increas~ 
ing the level of activity in the right DLPFC 
might promote the inhibitory control of pre~ 
potent, impulsive responses and therefore 
diminish excessive risk-taking behavior in 
patients with impulse control disorders. If so, 
such an intervention might, for example, prove 
useful in clinical populations with drug or non 
substance addictions (e.z., pathological gam- 
bling), in which impairments of decisi 
making seem to reflect a breakdown of these 
control processes (4), Preliminary findings in 
cocaine addicts reveal that high-frequency 
FTMS to the right DLPFC, which is thought to 
increase cortical excitability in the targeted 
brain region, reduces craving (5), 

‘The ethical principles diseussed in relation 
to TMS research in human subjects were 
initially articulated by Green er al. (6), and 
subsequent discussions and updates have 
appeared (7,8). We believe that our study fol- 
lowed these articulated high standards and 
thus disagree with Jones's implications about 
the appropriateness of our experiment. 

DDARIA KNOCH," ALVARO PASCUAL-LEONE? 

ERNST FEHR 

¥nsitute fr Empitical Research in Economics, Unversity ot 

Zurich, Blimlisalpstrasse 10, 8006 Zurich, Switzerland. 

ene oe Noninvasive Bran Stimulation, Harvard Medical 

Shook and Beth Israel Deaconess Medical Center, Boston, 
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Comparing Neanderthal 
and Human Genomes 


THE RECENT SEQUENCING OF SUBSTANTIAL 
parts of Neanderthal DNA [Sequencing and 
analysis of Neanderthal genomic DNA.” J. P 
Noonan eral.. Research Article, 17 
p. L113: (/)] was preceded by releases of 
drifts of the chimpanzee and human genomes 
in2005 and 2001. respectively. Green et al. (1) 
expect recovery of the complete Neanderthal 
genome within the next 2 years, which, it 
is hoped, will allow comparison of all three 
‘genomes to examine the genetic basis of func- 
tional differences between the species. With 
regard to many evolutionary questions, Lam- 
bert and Millar (2) suggested that analyzing 
differences between Neanderthal and human 
brains would be of great interest 

However, although such comparisons are of 
interest, itis not the static genome but rather the 
dynamic proteome that determines the pheno- 
type of an organism, Salient examples include 
the caterpillar and the tadpole, which share 
genomes with the butterfly and frog. respe 
tively, but which have very different proteomes 
making them into very different organisms. 
Thus, rather than performing untangeted con 


parisons of sizable genomes, we suguest that it 
‘might be more useful to address this questo 
using a standard hypothesis-driven approach 


‘One such avenuie might be the “fat utilization 
hypothesis, which holds that the key mut 
tions that differentiate us from Neanderthals 
and great apes are in the genes coding for pro- 
teins regulating fat metabolism, in particular. 
those regulating the phospholipids in brain 
synapses (3,4). A specific search for variations 
in genomic DNA or gene expression related to 
lipid biochemistry and metabolism could be 
carried out. 

Charles Darwin was once asked if he 
thought that natural historians should collect 
data without the prejudice of a preformed 
hypothesis. or whether they should be observ- 
ing nature with a particular theory in mind (3) 
Ina stinging reply w his friend, the economist 
Henry Fawcett, Darwin wrote that they may as 
‘well “go into a gravel-pitand count the pebbles 


and describe the colours” (6). Plus ga change. 
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Respons 
ERREN ETAL, APPEAR TO HAVE NO TECHNICAL 
objections to our study, but rather put forth a 
general philosophical objection to whole- 
genome analysis. They would prefer that we 
search for the molecular basis of human- 
specific traits by focusing on particular 
classes of genes speculated to contribute to 
some biological difference between humans, 
and other species. We fail 10 see the advantage 
of thisapproach over unbiased whole-genome 
comparisons. The reason such candidate gene 
strategies were used in the past was due to 
the lack of genomic data sets, The sequencing 
of multiple genomes, including human and 
chimpanzee, has removed this obstacle. We do 
not know in advance which genes or other 
functional elements have changed in human 
evolution, It therefore seems shortsighted to 
guess that mutations in lipid genes, to cite 
the authors” example, are responsible for 
functional differences between human and 
Neanderthal brains. If changes in genes regu- 
lating fat metabolism do contribute to human- 
specific traits, a whole-genome approach will 
efficiently detect that signal, as well as all the 
other genes that the authors’ “lipid-centric™ 
approach would miss, 


EDWARD M, RUBIN 

‘AND JAMES P. NOONAN 

US. Departmest of Energy Joint Genome Institut, Walnut 

Creek, CA 94598, USA, and Genomics Division, Lawrence 
Berkeley National Laboratory, Berkeley, CA94720, USA, 
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What the Scientific 
Community Can Do 


IN HIS EDITORIAL “SHOW US THE MONEY” (8 
Dec. 2006, p. 1515), Donald Kennedy s 
gests thatthe scientific community should 
the Administration, the public, and Con; 
what it ean accomplish for our society. As 
chairman and member of the executive 


Hl 


committee of the Association of American 
Universities and as president of Northwestern 
University, which has made large investments 
in human and physical capital over the 
last decade, especially in the life and nano 
sciences, L want to do just that 

We can list many te: 
accomplishments, A discovery in ¢ 
istry labs by Richard Silverman led tothe dru; 
Lyrica, licensed to Pfizer, which has proved an 


effective neuropathic pain reliever for tens of 
thousands of patients. Many other universities 
«ean also point to new therapies and di 
that were discovered or developed in their lab, 

benefits of biomedical 
research are equally striking. One only has to 
look at the jobs created in the construction 
industry when we built the Robert H. Lurie 


The economic 


Medical Research Center, the creation of 
‘many new biotech companies from our re- 
search efforts, or the mobilizing of private~ 
donor support to see the economic benefits. 
‘The Chicago area has benefited mightily from 
our efforts, as Atlanta has benefited from 
Emory’s efforts and Baltimore from those of 
John Hopkins 

Elias Zerhouni, director of NIH, is correct 


to note that we in the research community 
often take for granted the extraordinary 
NIH (NIH in the 
post-doublin s and strategies,” 
Policy Forum, 17 Nov. 2006, p. 1088). He 
refers to scientific and health care benefits 


return on investments 


T can also point to the economic returns 
multiple effects 
of investment from the partnerships amon 
the federal 
the researc! 


expressed in job creation an 


fernment, private donors, 


universities. 
HENRY S. BIENEN 


President, Northwestern University, Evanston, It 60201, 
USA 
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Novotny eto. (Reports, 25 August 2006, . 1115) argued 
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trom greater phylogenetic civersiy of hast plants, not from 
higher host specificity. However i host specifiy is related 
tohost abundance, eiferences in relative host abundance 
between tropical ad temperate regions may limit any gen 
eral conclusion that herbivore diversity scales directly with 
hostplant diversity. 

Full text at wowesciencemag org/cgicantentlul315/ 
serg/i666> 
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Miroslav Kulfan, Milan Janda, Yves Basset, 
George D. Weiblen 


Norton and Digham sugges tha diflerences in plant abun 
dance between tropical and temperate forests may infu 
‘ence the host specifiy of herbivores in these forests. We 
‘agree in principe but show that this likely ony fr very 
rate plant species in tropical forests, Studies of herbivores 
haste by rare plant species would help our understanding 
of tropical plant-ansect interactions. 
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SOCIAL SCIENCE 


Dealing with Differen 


‘A. Scott Henderson 


Il societies make decisions about the 
distribution of goods and services. 
Despotic regimes allocate them in 


whatever manner th 


yy see fit, Governments 


based on egalitarian principles, however, can- 
not act capriciously. Their policies must be 
and f 
‘ean states create such policies when individu 


immess, But how 


predicated on justic 


als obviously difler from oneanother? How, in 
other words, do societies committed to equal 
ity deal with differences among people? 

In The Measure of Merit, John Carson, a 
historian at the University of Michigan, offers 
aan informative, exhaustively researched ae- 
count of how France and America each 
addressed this challenge, His narrative reveals 


how positivism, the rise of social science, and 

cultural beliefs converged to shape our mod- 

em notions of intelligence, 
Enlightenment-era thinkers scorned the 


advantages and disadvantages that flowed 
from one’s economic status or family back- 
‘ound, They believed that a more rational 
and just social order could be constructed on 
the b : 
courate term, 


more historically 
To 
express this view, Condillac 
Helvétius, Rousseau, and other 


sis of merit oF, 101 


“talents.” 
The Measure 


philosophers. systematically 


analyzed a broad array of hu 
titudes, Their discus- 
tant for (Wo 
reasons, First, although they 


man 3 
sions were imp 


by Joho Corso 
did not always agree on the 
particulars, they 
define talents as a multivalent 


tended to 
phenomenon that could be 
enh 
includ 


weed by various: means, 

ng education, Second, 
as Carson notes, it was primarily philosophers 
who undertook the early investigat 


intelligence (the term that would replace tal- 
cents by the mid-19th century). 

In pethaps the book's strongest section, 
Carson examines how positivism transformed 
the study and perceptions of human intelli- 

nee, Associated most closely with the 
French philosopher Auguste Comte, posi 
tivism sought to apply the scientific method to 
social problems. Comte himself emphasized 
the need for social theories to be predictive, 


The reviewer i in the Depariment of Education, Furman 
University, 3300 Poinsett Highway, Greenville, SC 
29613-1134, USA. E-mail: Scott Henderson@Furman eds 
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ices 


empirically verifiable, practi- 
cal, and materialist (not met 
physical). Emphasizin; 
criteria, Comte laid the foun- 
dations of modern social sci- 
cence. Positiv 
ever, would intensify 
apprehension within the 


these 


cent social sciences over expe: 
imental methods that depart 
from strict, almost mechanical, 
objectivity. This near obsession 
with objectivity could distort 
as well 
ena be 
somethin, 
ample—suggests that there is 
1 tangible entity to exam 


as clarify, the phenom- 
ig examined. (Testing 
intelligence, fore 


ne, sometimes a 
debatable proposition.) 

The French psychologist Alfied Binet did 
more than any other individual to apply posi- 
tivism’s dictums to the study of intellig 
Binet, with his colleague Theodore Simon, 
devised the most comprehensive intell 
test to that date. Yet, as Carson 


fully notes, the first v 
the test (1905) was never meant 
Je number to 


1 Merit 
to generate a sin 


describe an individual's mental 
acumen. However, for reasons 
thatare not clear, between 1905 
and 1911 Binet revised the test 
” by reducing the test admi 
trator’s discretion (a certain 
mount of subjectivity 
inevitable) and placi 
mphasis on the instrum 


outcomes (the test’ ability to 
precisely locate an individual 
on an intelligence continuum). Further revi- 
sions, including introduction of an “intelli- 
quotient." by Stanford University psy- 
chologist Lewis Terman in 1916, produced a 
test that envisioned intelligence as biologically 
determined, unitary. hereditary, and fixed 
throughout an individual's lifetime. 

Carson offers intriguing expl 
why France and America reacted differently to 
intelligence tests. The French placed less 
importance on them for several reasons: 


ne 


tions for 


professional antag doctors and 
teachers were unwilling to cede theirauthority 
ts: intellectual trends, French 
gan to emphasize subjectivity 
(most notably, intuition) over rigid objectivity: 
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Locating differences in head shapes. Phrenologists, such as 
William Bally, argued for “cerebral localization of mental functions, 


institutional exigencies, the French Army 
(unlike the American military) never adopted 
nd thus never validated the use of intell 


ence tests; and the presence of fully fune- 
tio 


hanisms in F 
national system of secondary schools 


al sorting me 


ance (a 
id uni 


versities). Americans, on the other hand, con- 


fronted different circumstances and were 
therefore more willing to confer intellectual 
‘and practical value on intelligence tests, Also 
important Were anxieties over the inereasing 
heterogencity of American society and the 
nieed, expressed by some. to create intellectual 
rarchies to mi ial order 


and racial hi tain soe 


son concludes that Americans 
have never fully accepted intelligence (as 


Even so, C 


measured by narrowly designed tests) as the 
only criterion of merit, Although Carson does 
not fully explicate this ambivalence, he cor- 
rectly notes it is manifest in current debates 
over the Scholastic Aptitude Test 

The Measure of Merit offers usefial suppl 
ment to books by Stephen Jay Gould (/) and 
Steven Pinker (2). One might wish that Carson 
had devoted Less attention to the 18th century 
and more to the 20th 
scientist Charles Murray's contentious asset 
tions about the distribution of intelligence (3), 
Nonetheless, scholars in several disciplines will 


especially to political 


find Carson's arguments relevant and engaging. 
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PUBLIC HEALTH 


Plumb Crazy 


Rebecca Renner 


joday, scientists know a great deal 
Te ad. Children and infants are 

very vulnerable to this neurodevelop- 
toxin, which can be harmful even in 
very small amounts. Paint, dust, and soil are 
the most common sources of lead. In many 
places, the lead in soil came from the leaded 
gasoline that was formerly widely used in 
automobiles. Water, too, can be a source of 
lead, and recently some US. cities and regions 
in Brazil, France, and Germany have had 
problems with high levels of lead in their 
drinking water 

But a hundred years ago—before leaded 
gasoline and the widespread use of leaded 
paint—drinking water contaminated by lead 
‘Water pipes was the main source of human- 
ingested lead, In 1900, 85% of large US. cities 
hid lead pipes and so did most major European 
cities. In regions supplied with corrosive 
\aters, stich as Massachusetts and northem 
England, tap water contained 
hundreds of times more lead 
than modem standards allow. 

Those massive amounts 
had massive consequences: in 
The Great Lead Pipe Disaster, 
Werner Troesken concludes 
they brought illness and fre- 
quently death to millions of 
People. As a point of compari- 
son, Troesken (a historian at the 
University of Pittsburgh) notes 
that late-19th-century women 
trying to abort a baby would 
oiten take pills made of lead 
plaster, In towns with the worst 
lead problems, a woman could 
uot the sime dose of lead by drinking a glassof 
‘Water. Given these levels of contamination, 
litte wonder that in Massachusetts and north- 
em England lead water pipes appeared to 
increase infant mortality rates and stillbirth 
rates by up to 25%. By any measure. this was 
‘one of the most serious environmental disas- 
ters of the past 200 years. and yet few people 
recognized it at the time and almost no one 
knows about it now. 

Troesken unearths the catastrophe using a 
combination of historical detective work 
(focusing on England and Massachusetts) and 
modlem epidemiology. He mines vast amounts 
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‘of data and information by digging away at old 
government reports. scientific papers, court 
documents, and books. Then he applies mod- 
em statistics and knowledge about lead to 
reveal what happened. 

The harmful effects of lead water pipes 
became apparent almost as soon as cities the 
world over began to install them. Observant 
doctors and scientists began attributing i 
ness and death to lead pipes as early as the 
1850s. Early in that decade, Erasmus Fenner, 
a prominent New Orleans 
physician, traced an epidemic 
olic and convulsions to the 
city’sexpanding system of ead 
water pipes 

The British physician Nor- 
man Porritt had an even more 
sweeping understanding of the 
problem. Perhaps his personal 
experience may have piqued his interest in 
ad's effects, as he twice came down with lead 
poisoning. Porritt noticed that eclampsia 
{pregnancy-related seizures and coma) was, 
most common in northem England and Wales, 
where the water chemistry was likely to dis- 
solve lead. He published on the “cumulative 


“Lead helps to guard your health.” The illustration for an ad in the November 
1923 National Geographic, one of a series by the National Lead Company. 


effects of infinitesimal doses of lead” (/) and 
wrote a 1934 book (2) to alert society to this 
menace. Like Fenner, he was largely ignored, 
Troesken shows that Porritt was right. Armed 
\with more data, epidemiological models. and 
statistical methods that can control for co 
founding factors, he vindicates Porritt. The 
ratesof death from eclampsia were twoto three 
timesas high in waters with a greater tendency 
to dissolve lead. 

Troesken notes that there are many reasons 
Why the evidence wasignored and the doctors’ 
warnings went unheeded. Chronic lead expo- 
sure produces symptoms that are not unig 
andits effects are not so dramaticasthe sudden 
death associated with cholera and other infe 
tious diseases that wracked societies at the 
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time. Inaddition, most doctors tended to focus 
‘on adults rather than more-vulnerable chil- 
dren, And although the problem was wide- 
spread, it was not always associated with lead 
pipes, For lead to contaminate water, the water 
needs to corrode lead. The factors that cause 
water to be corrosive can be subtle and make 
drawing the causal link more dificult, 

But ¢ arguments only partly 
explain the failure of early-20th-century soci- 
«ties to accept the lead pipe problem. There 
were social factors as well 
Municipalities were in denial 
about the dangers. Lead pipes 
Were an expensive improve- 
‘ment that brought pure water 
to homes; how could that be 
wrong? There was even a the 
ory to bolster their disregard! 
the doctrine of protective 
power, which held that over time most lead 
pipes developed a protective interior coating 
that inhibited subsequent uptake of lead, The 
concept has merit in many cases, but cities, 
made the convenient mistake of expecting it to 
apply universally. The courts compounded the 
problem when judges decided that customers, 

‘not municipalities, were responsible 
for any contamination that came 
from pipes installed by the cities, 

‘Over time, the massive levels of 
Jead in drinking water have declined, 
Engineers have learned how to con 
trol the corrosiveness of water, 
and lead pipes are gradually being 
replaced. ButTroesken'stale is more 
than an interesting historical foot- 
note. Lead water pipes are still in 
use, and there are other sources of 
lead in drinking water, including 
solder and brass plumbing fix 
Between 2000 and 2005, Washing- 
ton, DC, faceda lead crisisin which 
thousands of homes had elevated 
Jead in their drinking water; in the worst eases, 
the contamination levels approached those 
seen in the early 1900s, In many ways, 
Troesken’s account in The Great Lead Water 
Pipe Disaster resonates uncannily. with 
Washington's problem. A wellintended el 
in water treatment had the undesired conse. 
‘quence of increasing the water's corrosiveness 
Public officials tried to explain the threat away 
\with a modern version of the doctrine of pro- 
tective power, 
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CLMATE CHANGE 


Carbon Trading Over Taxes 


Wi 


wn Chameides,"* Michael Oppenheimer? 


5 the United States moves inevitably 
Aw climate legislation, discussion 
has shifted from the science to the 

policy options for slowing emissions of 
carbon dioxide (CO,) and other greenhouse 

ases, Some favor at tax on CO, emis 

referred to asa C tax (1). Others favor govern- 
‘ment subsidies (2) IFhigh enough to alter con- 
sumer behavior, a carbon tax would reduc 
emissions by raising the effective price of 
carbon-intensive energy relative to carbon- 
free sources. Subsidies may speed develop- 
ment of'specitie, targeted low-C technologies. 
Butamarket-based system withan econo 
wide cap on emissions and trading of emis- 
sion allowances would do the same, while 
having distinct advantages (3). Most impor- 
tant, @ cap-and-trade system, coupled with 
adequiate enforcement, assures that environ- 
‘mental goals actually would be achieved by a 
certain date. Given the potential for escalating 
damages and the urgent need to meet spec 
emission targets (4), such certainty is a major 
advantage. A federal cap-and-trade system 
could be incorporated into existing emissions 
trading frameworks and markets, such as the 
Kyoto Protocol's international market or sub- 
national ones like the Regional Greenhouse 


jas Initiative 
Earth’s climate is agnostic about the loca 
tion and type of CO, emissionsand is sensitive 
only to the total burden of CO,, Itmakes sense, 
therefore, to design a climate policy that taps 
all possible avenues to limit net CO, emis- 
sions. Trading of emissions across all sectors 
of the economy addresses this by allowing 
éemiters to purchase carbon offsets from bust 
nesses that are able to lower their own emis- 
sions below their allocation. If trading were 
incorporated into an international system, US. 
firms and consumers could me 


Pollstion credits exchanged fr cash. 


technologies that reduce CO, emissions atthe 
least cost, the overall expense of the program 
would be minimized 

Cutting emissions of pollutants is admit- 
tedly not as complicated as cutting CO, emis- 
sions, and transaction costs can be a factor. 
Nevertheless, the United States was able 10 
reduce sulfur oxide emissions ahead of sched- 
ule and at 30% of the projected cost using 
4 market-based cap-and-trade system (5) 
Elimination of lead from gasoline and phase- 
out of ezone-deph 
facilitated by emissions trading programs 

Offsetting emissions by storing carbon in 
ils, forests, and other forms of biomass in 
the United States has the potential to offset 
10 t0 20% of US. emissions in 2025 at rel 
tively low cost (see chart below and table 
SI), International opportunities also exist 
Deforestation of tropical rainforests is cur- 
rently estimated to cause more than 7000 mil- 
lion metric tons per year of CO,emissions, the 


ing chemicals were also 


is estim 
15% (table S2). Using an internat 
cap-and-trade market 


emissions targets at reduced costs g to compensate nations 
by substituting less expensive cuts _ for slowing deforestation 
in, for example, developing coun- ¥ ‘would bring a significant 
tries, for expensive emissions cuts block of emissions under 
in the United States. Because 2 management, while pre- 
investment would be funneled 3 3 serving irreplaceable eco- 
z Bh sees provicne 
° if income to developing eco- 
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Effect of carbon credits. US. gree: 
house gas emisions for 2008 and 2025 
with busines as usual (blue); estate 
US. land-management tes in 2025 at 
‘515 and $50 per ton af CO, (green; 1 
petagram = 1 billion tons table 1) 


12 the integrity 
of such a system will 
require rigorous monitor- 
ing. auditing. and registra- 
tion. Leakage (e.. where 


Carbon emissions trading ensures not only 
that targets will be met by a specific date but 
also fosters international cooperation and 
development objectives. 


reduced timber harvest in one 
location is replaced by inereased 
harvest elsewhere to meet demand 
for lumber), the credibility of 
baselines in capped and uncap- 
ped systems, and the full climate 
effects of enhanced biological 
rowth must be addressed (9-10), 
However, these problemsare man- 
ageable (1), Frameworks. and 
methodologies for documenting, 
the size and validity of carbon ofl 
sets based on land-management 
practices are available (/2, 13), 
Following such a methodology will not be a 
trivial exercise, It will involve costs that will 
affect those hoping to market offsets, But the 
advantage of a market-based system is that it 
provides an incentive for innovation—which 
can translate into inexpensive CO, emission 
reductions, Why would we want w exclude any 
sector of the economy from this competition, 
Jet alone one with such large potential? 
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BIOCHEMISTRY 


Balancing Cellular Energy 


D. Grahame Hardie 


besity and type 2 diabetes are disor- 
Ome Pale ht are ac 
ing epidemic proportions worldwide. 
for drug development in this area 
is the adenosine monophosphate-activated 
AMPK) complex, which regu- 
lates cellular energy balance, For example, 
AMPK is switched on in muscle during exer- 
cise as a result of increased energy demand, 
triggering metabolic changes such as the 
switeh from storing to cons fats and 
carbohydrate, AMPK activation durin 
lar exercise helps to protect against 
and diabetes, and this protein complex is also 
the target for antidiabetic drugs such as the 
biguanides and thiazolidinediones (/). On 
page 1726 of this issue, Townley and Shapiro 
(2) describe erystal structures for the core of 
the AMPK complex from fission yeast, The 
study provides insights into binding of AMP 
and adenosine triphosphate (ATP), which may 
be very helpful in the design of new drugs. 
Mammalian AMPK regulates energy bal- 
ance by monitoring changes in the cellular 
concentrations of the nucleotides AMP and 
ATP. An increase in AMP concentration 
indicating an enengy deficit—switches the 
kinase on, causing it to attach phosphate to 
downstream target proteins, thereby switching 
‘on proteins involved in ATP-generating path- 
\ways and switching off those involved in ATP 
consumption, Conversely, high ATP concen- 
trations—indicating energy sufficiency 
prevent AMP from switching on the kinase by 
competing for binding at the same site. 
AMPK and its relatives in nonmammatian 
species are composed of a catalytic subunit 
(q@ and wo regulatory subunits (B and 7). The 
nucleotide-binding sites are located in two 
“Bateman domain 
by two repeats of a pattern of amino acids 
termed a CBS motif (3). The nucleotide- 
binding site has been modeled on the basis of 
the structure of other Bateman domains and 
oon the locations of mutations causing human 
heart disease that are known to interfere 
with nucleotide binding (3, 4). Townley and 
Shapiro now show how the subunits interact 
in, and how the nucleotides are bound to, the 
core of the aycomplex from fission yeast. 


protein kinase: 
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The ability of mammalian AMPK to phos- 
phorylate downstream target proteins is in- 
creased >100-fold by attachment of phos- 
phate to its cc subunit by another protein (5, 6) 
This protein seems to phosphorylate AMPK 
constantly, but the phosphate és normally rap- 
idly removed by yet another enzyme, so that 
AMPK immediately returns to the inactive 
state. Binding of AMP to the subunit inhibits 
this dephosphorylation (7, 8), providing a 
anism for converting the kinase to its 
ve state during times of energy deficit 
AMP binding also induces a change in st 
ture that causes an additional activation; the 
combination of the two effects produces 
1000-fold activation (9), However, neither 
effect of AMP appears to occur with the 
related protein from budding yeast (8), even 
though the AMP-binding sites are conserved. 
Lange multiprotein complexes are often 
difficult to crystallize because of their com- 
plex shape and flexibility. The strategy ad- 
‘opted by Townley and Shapiro was to treat the 


‘The core of the complex. The siructures of Townley and Shapiro (2) 
Contain the C-terminal domainsof the «_(yellow) and B subunits (red) 
shown atthe top, and the entire y subunit The and y subunits inter- 
act mainly via the central B sheet. Bateman domains A (formed from 
‘B51 and CBS2) and B (CBS3 and CBS4) face each other like miror 
images, with domain B to the front inthis view. A single AMP mole- 
cule is bound in domain 8, with the negatively charged phosphate 
group (red oxygen atoms) interacting with a positively charged side 
chain on CBS4. The approximate positions of two equivalent positive 
side chains in human CBS1 and CBS2 ae also indicated: these are not 


conserved in the yeast enzymes. 
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The structure of the core of an enzyme complex 
that senses and responds to changes in the 
cell's energy balance has been solved. 


human complex with protein-degrading en- 
zymesto generate the more compact and rigid 
core of the complex, This core contained 
the entire 7 subunit but only the C-terminal 
domains of the cand B subunits, which were 
known to be required for formation of the oy 
complex. Bacteria were then programmed to 
make this core complex by genetic manipula- 
tion techniques, but suitable crystals were 
obtained only with the protein from fission 
nd not with that from humans. This is 
unfortunate, because litte is known about the 
fission yeast enzyme, although its sequence is 
‘more similar to that of the protein from bud- 
ding yeast than to the one from humans. 

In their structure, the C-terminal domain 
of the ot subunit has # compact shape, with the 
C-terminal domain of the fb subunit snaking 
around it (see the figure). There is minimal 
contact between dnd but extensive contact 
between fb and 7, The amino acids involved i 
the B-yinteraction tend to be similar in AMPK 
relatives in all species, which suggests that the 
subunit interactions will also 
be similar. 

In the structures reported 
by Townley and Shapiro, the 
N- and C-terminal Bateman 
domains (domains A and B) 
face each other like mirror 
images. In erystals grown in the 
presence of AMP or ATP. a mol- 
ecule of each nucleotide was 
bound ina very similar manner, 
butonly in domain B. Although 
crystallized in the presence of 
Mg, the ATP complex con- 

ined no metal. This agrees 
with findings that ATP binding 
tothe Bateman domains did not 
require Me™ (3). talso helpsto 
explain how AMP can compete 
effectively for binding with 
ATP, even though the latter is 
normally present at 100-fold 
higher concentrations: Most 
ATP in the 


yeast 


as the concentration of free 
ATP is much lower and closer 
to that of AMP. 

Bateman domain A was une 
‘occupied by nucleotide, despite 
high AMP and ATP concen 
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tions during crystallization. This was unex- 
pected, because the isolated Bateman domains 
from the mammalian ysubunits bind two mol- 
ecules of AMP or ATP (3). This is likely to be 
a genuine difference between the mammalian 
and yeast enzymes, 

In the new structures, a positively 
changed side chain in domain B (lowest “+” 
symbol in the figure) interacts with nega- 
tively charged phosphate(s) on AMP or 
ATP. A mutation of the equivalent side 
chain in the human enzyme (72 variant) that 
causes severe heart disease also greatly 
reduces binding of AMP (/0).1n the human 
enzyme, mutations in positively charged 
side chains occupying similar positions in 
CBS and CBS2 (upper “+” symbols in the 
figure) cause similar effects (3), supporting 


the idea that domain A also binds AMP in 
humans. Recently, my laboratory has pro- 
vided evidence for a mechanism of activa- 
tion of the human enzyme by AMP (//) 
that involves binding of AMP to these side 
chains. These residues are not conserved in 
the m or budding yeast enzymes, 
which might explain why the latter is n 
activated by AMP. 

Resolving these remaining uncertain- 
ties and anomalies will require structures 
of mammalian complexes in the presence 
of AMP or ATP. together with other meth 
ods to study domain interactions, esp 
cially of those domains not present in 
the structures reported by Townley and 
Shapiro. The effort will be very worth- 
while if it facilitates development of new 


drugs aimed at treatment of the epidemic 
of obesity and diabetes. 
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PHYSICS 


How Does the Proton Spin? 


Steven D. Bass 


any particles, such as electrons, pro- 
tons, and neutrons, behave like spin- 
ning tops. Unlike classical tops, 


however, the spin of these particles isan intrin- 
sic quantum mechanical phenomenon, This 
spin is responsible for many fundamental prop 
erties of matter, including the proton’s mag- 
netic moment, the different phases of matter in 
Jow-temperature physics, the properties of net- 
tron stars, and the stability of the known uni- 
verse, In recent experiments, a number of 
research groups have been seeking to shed 
some light on the puzzling origin of spin and 
how this might resolve some lange diserepan- 
ccies between theory and experiment. 

Particles such as the proton are actually 
combinations of more basic entities called 
‘quarks and gluons (Which bind the quarks 
together), One of the challenges to physicists 
‘over the past 20 years has been to understand 
hhow the proton’ spin is built up trom its quark 
and gluon constituents. Models of the proton 
‘generally predict that about 60M ofthe procon’s 
spin should be carried by the intrinsic spin ofits 
three quarks, with the rest carried by orbital 
angular momentum (that is, the quarks flying 
around inside the proton). However. experi- 
ments at CERN (European Organization 
for Nuclear Research), DESY (Deutsches 
Elektronen-Synchrotron), and SLAC (Stanton 
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Linear Accelerator Center) have taught us that 
the contribution from the spin of the quarks 
inside is small, only about 30% (/-¥), This 
shortfall offers a substantial challenge to our 
understanding about the structure of the proton. 
To sort this out, a Vigorous global program has 
produced about 1000 theoretical papers, and 
dedicated spin experiments are under way’ at 
CERN, DESY, Jefferson Laboratory. ind RHIC 
(Relativistic Heavy lon Collider) to map indi- 
vidual quark and gluon angular momentum 
contributions to the proton’s spin. These experi- 
mentsare now yielding exciting results (3). 
The proton is described by quantum chro- 
modynamics (QCD, the theory of quarks and 
gluons) as a bound state of three confined 
“valence” quarks (6). The quarks have spin 
1/2 and interact through the exchange of glu- 


Protons are made of quarks and gluons, but 
their spins don't add up. New experiments may 
help resolve this discrepancy, 


Spin story. Physicists use Feynman diagrams such 
25 this to express the sequence of events ina high- 
‘energy particle collision. In one typeof experiment, 
23 polarized muon (ji) and a polarized proton (p) 
approach each other onthe left hand side. As they 
interaa,, the muon exchanges a polarized photon 
(9). Pairs ofcharm-aticharm quark parties (-Zare 
produced; the precise number of these particles 
«reated depends onthe spin of the gluons () in the 
polarized proton, which allows the spin of the 
aluons tobe reconstructed. 


‘ons, which have a spin of 1 (where spin is, 
quoted in units of Planck's constant divided 
by n). When we probe deep inside the proton, 
the strength of quark-gluon and gluon-gluon 
Interactions is small because of “asymptotic 
freedom.” This unusual idea means that, 
unlike some interactions, such as electrostatic 
forces, the force between quarks and gluons 
\weakens as they get closer together. If. quark 


tries to escape, though, the force becomes 
stronger—so strong. in fact, that the quarks 
and gluons are always bound inside nuclear 
particles such as the proton; they are never 
observed by themselves as tree particles 

In low-energy experiments, the proton 
behaves like a system of three 
stituent” quarks carrying about 1/3 each of the 
mass of the proton. When we look deeper 
inside in high-energy experiments, these con- 
stituent quarks dissolve into near massh 
“current” quarks and a sea of quark-antiquark 
pairsand gluons. 

The spin experiments at CERN, DESY, 
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Jefferson Laboratory, and SLAC involve fir- 
ing high-energy electrons or muons ata target 
‘of protons with aligned spins. The incoming 
electron interacts with a target proton by 
exchanging a high-energy photon that enables 
researchers to probe deep inside the proton. 
The photon can be absorbed by a quark polar- 
ized in the opposite direction to the photon 
but not by one polarized in the same direction 
as the photon. This allows us to extract 
information about the spin of the quarks when 
‘one controls the spin polarization of both the 
beam and the proton target. The RHIC spin 
experiments involve high-energy polarized 
proton-proton collisions, nither than electron 
proton interactions. 

In analyzing these collisions, the key 
‘questions (7) are: What happens to spin in the 
transition from current quarks (those probed. 
in high-energy experiments) to constituent 
‘quarks (the building blocks of the proton)? 
How is the spin 1/2 value of the proton built 
up from the spins and orbital angular momen- 
tum of the quarks and gluons inside’? Why is 
the measured quark spin contribution so 
I! compared with quark model predic 
tions? Is the “missing spin” a valence quark 
effect or attributable to the sea of quarks and 
‘antiquarks? Are the excitations of the quark= 
antiquark sea polarized in the opposite direc- 
tion to the proton’s spin (thus canceling some 
‘of the spiny? 

‘The spin of the gluons that bind the proton 
‘can sereen the spin of the quarks measured in 
high-energy experiments, making the spin 
Jook diminished. This effect is proportional to 
the gluon polarization Ag. But how lange is 
this gluon polarization? The QCD vacuum isa 
‘quantum superposition of an infinite number 
‘of states characterized by nontrivial spin 
structure, When one puts. valence quark in 


this vacuum, its spin can become delocalized 
so that the total spin becomes a property of 
the proton rather than the sum over the indi- 


ments. How bi 


Measurements by the COMPASS (Com- 
mon Muon Proton Apparatus for Structure 
and Spectroscopy) Collaboration at CERN 
and the PHENIX (Pioneering High-Energy 


Nuclear Interaction Experiment) and STAR 
(Solenoid Tracker at RHIC) experiments at 
RHIC suggest that the gluon polarization is 
much too small to explain the difference 
‘between the quark model prediction of ~60% 
for the quark spin contribution and the mea- 
sured value of ~30%, although it may still 
make an important contribution to the net 
spin of the proton (5, 8). The COMPASS and 
RHIC experiments use different processes to 
‘access the gluon polarization. The COMPASS 


wwwsciencemag.org SCIENCE VOL31S 23MARCH 2007 


measurements are extracted from the pro- 
duction of charm particles (see the figure) 
and charged pions with large wansverse- 
momentum in polarized muon-nucleon colli- 
sions. The RHIC measurements are extracted 
from high-enerey particle production in 
polarized proton-proton collisions. Mea- 
surements of the sea polarization by the 
HERM (HERA Measurement of Spin, 
where HERA is the Hadron Elektron Ring 
Anlage Accelerator at DESY) suggest that 
this isalso small, too small to resolve the spin 
puzzle. and that the 30% quark spin contri- 
bution isapproximately saturated by valence 
‘quark contributions (9). 

New, more precise gluon-polarization 
measurements will soon be available from the 
2006 data taken at COMPASS and RHIC. 
Independent measurements f the valence and 
sest-quark contributions will soon be available 
from COMPASS. It will be interesting to 
see whether these CERN data confirm the 
HERMES results. Experiments at Jefferson 
Laboratory are probing the spin properties of 
the valence quarks in kinematics, where they 
are sensitive (0 the confinement pro 
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The planned 12-GeV upgrade of the facility 
‘will make vital contributions to our under 
standing of orbital angular momentum contri- 
butions to the proton’s spin. 

Spin measurements have a bright future 
and continue to challenge our understanding 
about the structure of the proton and funda- 
mental aspects of quark dynamics, Much 
exciting progress has been made, The next 
_years promise to be equally exciting. 
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IMMUNOLOGY 


Asymmetry and Immune Memory 


Dan R. Littman and Harinder Singh 


‘Asymmetric cell division of lymphocytes ensures that our adaptive immune system maintains a 
balanced production of two different types of T cells, 


ir adaptive immune system is 
Ox wih an event veper 
toire of antigen-specific cells (B and 

T cells) that respond to and eliminate diverse 
pathogens. The system can also recall previ- 
‘ous infections and respond more rapidly and 
effectively when reexposed to a pathogen, a 
feature known as immunological memory. 
How T cells differentiate into both short-lived 
effector cells that combat infections and long- 
lived memory cells that protect us for years 
has been a central question in immunology 
(2). On page 1687 in this issue, Chang et a 
(2) propose that effector and memory T cells 
are simultaneously generated from the divi- 
sion (mitosis) of aT cell afier it responds to a 
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microbial challenge. T cells ap 
adopted an evolutionarily ancient m¢ 
asymmetrically partitioning cell fate determi- 
nants, thus ensuring balanced production of 
bothTT cell types and avoiding depletion of the 
T cell repertoire. 

‘When microbial pathogens breach our 
mucosal barriers (such as the 
gastrointestinal or respiratory tract 
innate immune system responds by proc 
ing and presenting pathogen components to T 
cells. Microbial antigens are loaded onto 
major histocompatibility complex (MHC) 
molecules on the surface of dendritic cell 
and thus interact with antigen receptors on 
the surface of pathogen-specitie T cells. This 
interaction stimulates formation of an inter~ 
face known as the immunological synapse 
(see the figure) and involves redistribution 
of other T cell surface components to the 
synapse. including coreceptor molecules CD4 
or CDS. adhesion proteins (integrins). and 
cytokine receptors (3, 4). 


ining of the 
the 
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Very early in synapse formation, there is 
localized polymerization of the actin eyto- 
skeleton and the microtubule organizing 
center—the structure from which eyto- 
skeletal microtubules radiate—orients 
toward the synapse. Other components 
including cytoskeletal ezrin and moesin 
and the cell surface protein CD43, redis- 
tribute to the pole opposite the synapse (5). 
Synapse function in regulating cytokine 
seeretion and T cell receptor signaling has 
been intensely studied, and it had been 
speculated that coupling of mitosis to 
the cytoplasmic polariza~ 

tion that is induced upon 


synapse formation could synaptic proteins 
result in an asymmetric cell ‘@Pepidennnc 
division (6). wick 
T cells remain in contact fe 
with antigen-presenting den- 
dritic cells for several hours, __Polanty proteins Persea pe rence! Tas oils akon 
suggesting that contacts could eek rise to an effector cytotoxic T lymphocyte, whereas that 
extend through mitosis (7). Sim derived from the distal pole ciferentiates into along-ived 


Chang et al. tested the asym 
‘metic cell division hypothesis 

bby analyzing T cells that were 

engineered to express a T cell receptor spe- 
cific for a Listeria monoeytogenes antigen. 
The T cells were labeled with a fluorescent 
dye and injected into mice infected with the 
pathogen, Proliferation of T cells was moni~ 
toned ex vivo by stepwise dilution of the dye, 
This permitted sorting of undivided 
vated T cellsas well as those that had divided 
once, Polarization of premitotic and mitotic 
T cells was verified by localization of amicro- 
tubule organizing center at the remnants of an 
immunological synapse that still displayed 
clustered T cell receptor, CDS, and the inte- 
grin LEAL. 

To determine iff eytoplasmic polarization 
could lead to distinet mitotic progeny. the 
authors analyzed the subcellular distribution 
of components of an evolutionarily con- 
served asymmetric cell division pathway. 
In neuroepithelial cells of Drosophila 
‘melanogaster, and in the Caenorhabitis 
_ganszygote, this pathway uses a protein com- 
plex of Par3, Par6, and atypical protein kinase 
C (Par pathway) for 
determinants to the apical cell pole before 
mitosis (8). Chang et al, found that the atypi- 
cal protein kinase € ¢ localizes with a micto- 
tubule organizing center at the pole opposite 
the remnants of the immunological synapse. 
In addition, Numb (an inhibitor of Notch 
pathway signaling) segregated away from 
protein kinase C ¢, similar to what had been 
described in asymmetric mitosis in Dro- 
sophila epithelial cells (9). Nonmuscle 
myosin II, which contributes to the exclusion 


memory cell. 


of Numb from the apical pole in neuroblasts 
(10), has also been implicated in actin-based 
segregation of signaling components to the 
immunological synapse (6). Together, these 
findings suggest that signaling fom the 
synapse results in an asymmetric mitosis that 
resembles those in invertebrate systems. 

Although it is generally assumed that 
both effector and memory T cells can be 
derived from the same progenitor T cell, 
formal proof for such a lineage relationship 
has been lacking (/). Chang et al. noticed 
that after activation of the dye-labeled T 
cells in injected mice, those cells that had 
divided once could be separated into sub- 
populations expressing high or low amounts 
of CDS (CD8™and CDS"), Presumably. this 
corresponds to the daughter cells that are 
generated proximally and distally. respee- 
tively, to the synapse forged by the parental 
T cell and dendritic cell (see the figure). In 
fact, the CD8* cells had phenotypic mark- 
ers characteristic of effector T cells, 
whereas the CDS cells expressed memory 
cell markers. When these cells were sepa- 
rated and transferred into recipient mice, 
both animal populations effectively cleared 
an acute infection with L. monoevtogenes. 
However, when mice were infected 30 days 
afier transfer of the two types of T cells, the 
CD" cells were much more effective at 
clearing the microbe. These results are con- 
sistent with activated T cells undergoing an 
asymmetric division to generate effector 
and memory daughter cells. 


It cannot yet be ruled out 
that the CDS" and CD8® cells. 
used in the transfer expe 
ments are generated inde- 
pendently rather than derived 
from the same progenitor 
T cell. intravital microscopy 
with fluorescently labeled 
proteins could address that 
issue and perhaps support 
the asymmetric cell division 
model. As the generation of a 
memory CDST cell respon: 
but not an effector (cytotoxic) 
CDS T cell response, requires 
CD4T helper cells (11), the 
role of T helper cells in the 
asymmetric division needs to 
be addressed. Genetic analy- 
ses will also be needed to 
prove that components of the 
conserved Par pathway are 
required to generate these 
distinct T cell fates, Subs 
quently, it will be important to 
identify the molecular deter- 
minants of effector and memory cell fate and 
explore how they are asymmetrically se 
regated during the first cell division, as 
well as how they promote distinet states of 
gene expressio 
‘One major mechanism for asymmetrically 
partitioning cell fate determinants involves 
polarized transport of RNAs (12), and this 
ay also be used by T cells. The findings of 
Chang et a, along with those on asymmetric 
cell division in the mammalian epithelium 
(Z3), suggest thatthe Par pathway may regue 
late both vertebrate stem cell and cellular dif 
ferentiation fates in a variety of developmen 
tal contexts, 
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GEOPHYSICS 


The Next Great Earthquake 


Robert McCaffrey 


arthquakes with a magnitude 9 (M9) or 
Bi ‘occur very infrequently but can 
cause widespre: 

life, as we saw with the Sumatra-Andamean 
earthquake in December 2004. Most of these 
earthquakes oceur at the type of tectonic 
boundaries where one plate slides at a gentle 
angle beneath another (a process known 
as subduction), Because they happen mostly 
beneath the ocean, they often generate 
destructive tsunami waves. 


at 0.02 10 0.10 meters per year; thus, an ave 
age time between them is 200 to 1000 years, 
assuming all the slip is by M9 quakes. Ifsome 
slip occurs through smaller quakes or © 
the interval will be longer. 

From an observational standpoint, this 
long interval is problematic, because in most 
places, reliable records of earthquakes date 
back only a century. Historic accounts and 
geologic observations can be used to extend 
the record, but they lack detail 


There are more than 40,000 km of'subdluc- 
tion boundaries (see the figure). The rupture 
of any one contiguous segment ~800 km or 
more in length can produce an M9 earth- 
quake. Seismologists have long tried to deter- 
mine which segments are more likely than 
others to break. Yet, the M9 earthquake of 
2004 ruptured a segment that was thought to 
bbe among the least likely to zo. What governs 
the frequency of these massive quakes, and 
are all subduction segments capable of pro- 
ducing one? 

thquake freque be estimated on 
the basis of plate tectonics. An M9 earthquake 
accounts for about 20 meters of slip on the 
boundary between two plates, which converge 
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es where long histories are avail- 
able, the times between great earthquakes 
appear to be highly irregular. In Cascadia, for 
example, disturbances of the soft sediments 
bby shaking and deposits of sind by tsunamis, 
both suggestive of past great earthquake 
show an average time between events of 600 
years (/). However. the actual times rans 
from 200 to 1500 years, revealing a very lan 
randomness to when the margin breaks. 

‘The world’s major subduction zones can be 
divided into several segments based on natural 
eologic changes or earthquake histories ( 
the figure). Each segment is long enough to 
produce an M9 quake. Five have had M9 
quakes in the past century: many others have 


not produced quakes greater than MS in 


recorded history. In the past few decades, seis- 
mologists have focused on trying to correlate 
this variable earthquake behavior with other 


PERSPECTIVES | 


The 2004 Sumatra-Andaman earthquake 
occurred at a surprising time and place; the 
lessons learned may help costal communities 
in the future, 


properties of the different subduction zones. 
An underlying premise was that, as a result of 
ologic factors, some subduction zones are 
intrinsically incapable of generating an M9 


‘ording to an early idea, the age and 
speed of the subducting plate were important: 
If the subducting plate was geologically 
‘young (and therefore warm and buoyant), oF 
‘moving quickly, or both, then its shallow trae 
jectory into the mantle Would make it stick 
‘more to the plate above it, leading to bigger 
quakes (2) This idea had empirical support 
from the 100-year historical 

record (3), Other similar suggestions based on 


Danger zones, Subduction zone segments (blue 
curves) and tectonic plate boundaries (brown 
curves) with filed circles showing locations of 
known earthquakes of M7.5 or greater since 1900. 
Open circles show incomplete sample of inferred 
largest earthquakes from 1700 to 1900 (6). Some 
segments that are free of M9 earthquakes inthe past 
100 years had them in the previous 200 years. 


plate mechanics were that the lateral motion 
of the subducted plate in Earth's mantle mod- 
ified stress on the plate boundary (4) and that 
thick sediments in the trench lubricated the 
fault (5). The Sumatra-Andaman earthquake 
occurred in a very unlikely region, according 
tw these explanations (6), 

In contrast to mechanical processes, sub- 
‘young, hot lithosphere heats the 
fault zone, and earthquakes may be inhibited 
in this setting because high temperatures 
within Earth promote ductile over brittle 
deformation (7), Regressions relating earth= 
quake behavior to fault-zone temperatures 
gave similar statistical fits as the mechanical 
‘models (8). However, thermal considerations 
put the Andaman subduction-zone fault in the 
hhigh-magnitude class: Its average temperature 
is probably close to that of central Chile, 
where the largest known subduction-zone 
earthquake (M9.5) occurred in 1960 (9), 

The rate of convergence between plates 
can affect the generation of great earthquakes 
in another way. Theoretically. the frequency 
of earthquakes of a given size increases with 
the rate of the relative plate motion (/0). If we 
observe the earthquake process for a finite 
time, it standsto reason that subduction zones 
with faster slip rates and, hence, more fre- 
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quent M9s will have more M9 than those 
that are slow. Indeed, the number of M9 earth- 
quakes that have occurred in the past 100 
‘years (five) is within one of those expected at 
random if we take into account only the rate- 
predicted intervals between them (//). This 
recurrence-time concept explains some of the 
earlier positive correlations of earthquake 
size with slip rate, However, it differs funda- 
‘mentally fom the mechanical and thermal 
explanations, in that the latter predict some 
subduction zones to be incapable of having 
an M9, whereas the former holds that they are 
‘merely improbable. 

The Sumatra-Andaman earthquake sur- 
prised many Earth scientists by occurring in 
aan unexpected place, Earth gave us a stark 
reminder of the important difference between 
improbability and impossibility. Our un 
standing of where and when the next great 
earthquake will happen is in its infaney at 
best. We have not had enough time to decipher 
M9 earthquake behavior. It will take many 
more centuries, or many more quakes, or 


both, to understand the pattern, if one exists. 

For policy purposes, one lesson we should 
take away from the Sumatra-Andaman earth- 
quake is that every subduction zone ts poten- 
tially locked, loaded, and dangerous. To focus 
fon some and ignore others may be folly 
Several are near densely populated land areas, 
and the potential impacts of shaking and 
tsunamis cannot be overstated. We learned that 
great earthquakes pose a unique hazard to 
distant coasts: The long rupture generated 
tsunami waves that traveled over wast oceans 
with litle loss of amplitude due to spreading 

The great reach of the 2004 tsunami (/? 
and the expected long time interval between 
such events, requires that these lessons persist 
over a wide expanse of time and space. A 
small amount of knowledge in the right place 
can save many lives, as in the story of the 10- 
year-old British girl who had learned of 
isunamis in school and warned fellow sun- 
bathers in Thailand to run for higher ground. 
probably saving them (/3), 

Even while we develop technology 


based global warning systems, we should, 
by sustained education, embed the lessons 
of 2004 in the cultural memories of all 
coastal communities 
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A Plant Receptor with a Big Family 


Erwin Grill and Alexander Christma 


he largest known family of proteins is 
| also, not surprisingly, involved in a 
wide range of biological processes in 
the animal world, Vital physiological fune~ 
tions such as vision, taste, and olfaction 
recruit G protein-coupled receptors to relay 
extemal signals into cells, to elicit the appro- 
priate responses. Likewise, G protein-cou- 
pled receptors mediate responses to endoge 
nous signals encoded by peptides. nucleo- 
tides, oF lipids, to adjust cell growth and dif- 
ferentiation, metabolism, embryogenesis. 
and development to current physiological 
demands. The human genome encodes more 
than 800 G protein-coupled receptors. In 
contrast to this pervasiveness, plants seem 
not 10 have evolved such dependence on 
these receptors. The genome of the plant 
Arabidopsis thaliana encodes about 25 
“candidate” G protein-coupled receptors 
plasma membrane-localized proteins with a 
seven-transmembrane topology that charac- 
terizes this receptor family. Moreover, not a 
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single ligand for a candidate plant G protein. 
coupled receptor has been known, Now Liu er 
al., on page 1712 in this issue (), report that 

indidate G protein-coupled receptor of 
Arabidopsis is the receptor for the phytohor- 
mone abse id. This is satisfying not 
only because it establishes the first fune- 
tional member of this receptor family in the 
plant world, but it also identifies a long 
sought after receptor for an important plant 
developmental hormone. 

Abscisic acid serves as a plant-speciti 
signal during development and in response to 
environmental stresses such as cold, drought, 
and high concentrations of salt in the soil. The 
physiological responses it elicits include the 
closure of leaf stomatal pores to restrict tran- 
spiration. adjustment of metabolism to toler- 
ate desiccation and cold temperatures, and 
inhibition of seed germination and seedling 
growth. Biochemical and electrophysiologi 
cal studies provide evidence for both extract 
lular and intracellular perception of the hor- 
‘mone (2, 3). Recently, the nuclear RNA-bind- 
ing protein FCA. which controls flowering 
time (4). and the Mg-chelatase subunit H 
located in chloroplasts (5). were identified as 
intracellular abscisic acid receptors. Liu etal. 


Ahormone that controls plant development 
and survival acts through a member of a 
receptor family whose other members are 
pervasive in animal cells. 


now show that GCR2 is a plasma mem- 
bbrane-localized G protein-coupled receptor 
that specifically binds to naturally occurring 
id, but not to the physiologically 
inactive isomer (trans-abscisic acid), to con- 
‘rol stomatal closure, seed germination, and 
seedling growth, 

In addition to seven-transmembrane do- 
mains, a G protein-coupled receptor has a 
cytosolic domain that aets as a guanine- 
nucleotide exchange factor for heterotrimeric 
GTP-binding proteins (G_ proteins). Upon 
binding to a ligand, the receptor promotes the 
P for GTP in an asso 
ated G protein; this results in receptor dissoci- 
ation from the G protein. The G protein itself 
dissociates into Ger and GBy complexes that 
then target downstream effectors such a 

protein kinases, or phos- 
pholipases. There is only one canonical Gt, 
one GB. and two Gy subunits expressed in 
Arabidopsis. Previous functional analysis of 
plant G protein subunits implicated their 
involvement in. phytohormone responses, 
including abscisic acid signaling (6). In 
‘mutant plants lacking Go. (GPA 1), regulation 
‘of stomatal movement is impaired and germi- 
nation is hypersensitive to abscisic acid (7), 
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The identification by Liu eral. ofa physical 
interaction between the G protein-coupled 
receptor GCR2 and the Got subunit GPA pro- 
vides the missing link between a G protein and 
abscisic acid perception. The authors show that 
in plants lacking GPA and GCR2, responses 
to abscisic acid are impaired but not abolished. 
This is consistent with a parallel or redundant 
hormone response pathway that possibly 
involves the intracellular hormone receptor in 
chloroplasts. Anal 
cient in both extracellular and intra 
abscisic acid reception sites should clarify this 
point. Altematively, GCR2-related proteinsand 
noncanonical Get subunits might be function- 
ally redundant in relaying an abscisic acid sig 
nal. The two known GCR2-related proteins in 
plants share 42% and 63% identity atthe amino 
acid level with GRC2, and all three proteins are 
structurally related to the mammalian peptide- 
‘modifying lanthionine synthetase C-like pro- 
tein, Liu ef al. also Found that the insensitivity 
‘or hypersensitivy of mutant plants that kick or 
‘overexpress GCR2, respectively, to abscisic 
acid depends on the Got subunit GPAL. This 
points to a positive regulatory role of GCR2 in 
abscisic acid signal transduction. 

What happens then, when GCR2 is acti- 
vated by abscisic acid? Inthe classic paradigm 
of G protein signaling (6), GPAI-GTP and 
GBy are predicted to dissociate from the 
receptor upon receptor-abscisic acid inter 
tion. GPAL and Gpy subunits then serve as 
signaling molecules that remain tethered to 
the plasma membrane (through lipid moi- 
ceties) (see the figure). GB has been linked to 
several plant hormone responsesand shown to 
inhibit lateral root initiation in response to the 
hormone auxin. GB also negatively regulates 
abscisic acid signaling during germination 
and early seedling development (7). 

The effects of GPAL involve proteins that 
bind to it, These include phospholipase 
Datt (PLD«), which is involved in stomatal 
responses, and the cupin-domain protein 
AiPirinl, which functions downstream of 
GPA in seed germination and early seedling 
development. In addition, the protein thy- 
Jakoid formation 1 interacts with GPAL and 
links G protein signaling to a sugar-sensing 
way. Abseisic acid-stimulated phospho- 
id cleavage by PLDet generates the siznal- 
ing molecule phosphatidic acid in the plasma 
membrane. Phosphatidie acid further pro- 
motes abscisie acid signaling by recruiting 
ABIL. a negative hormone response regulator 
(ABIL interacts with different cellular targets 
stich asthe transcription factor AtHB6 to neg- 
atively regulate abscisie acid responses). to 
the plasma membrane; this relocalization of 
ABI! blocksits activity (8). The interaction of 


GPAL with PLDa- is destabilized when GTP 
binds the Get subunit (9). This is compatible 
With an abscisic acid-dependent release of 
PLDa from the Ga. subunit. 

In animal cells, phosphatidic acid recruits 
the enzyme sphingosine kinase to the plasma 
membrane and thereby controls generation of 
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‘Guards on hormones. (Top) The aperture ofa stom- 
tal pore ina lea is controlled by osmoregulation of 
two guard cells. When the G protein-coupled recep- 
tor GCR2 is inactive, the protein phosphatase ABIL 
inhibits stomata closure by attenuating absosic acid 
signal transduction. (Bottom) Hyposmatic condi- 
tions in guard cells (relative to surrounding issue) 
‘cause stomata to close. This involves activation of 
‘GCR2 by abscisic acid, which triggers specific signa- 
ing pathways that lead to dosed stomata. Scanning 
electron micrographs of stomata are rom (14). 
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the lipid sphingosine I-phosphate. Sphingo- 
sine I-phosphate then acts as an extracellular 
ligand for G protein-coupled receptors. In 
plants, sphingosine I-phosphate promotes 
GPA1-dependent stomatal closure (/0) and 
may also act viaa G protein-coupled receptor. 
GCRIof Arabidopsis isa candidate G pro- 
tein-coupled receptor, the ligand of which is 
unknown. GCR1 interacts directly with GPAI 
and functions antagonistically to GCR2 by 
promoting germination and shortening the 
time to flowering (/1). This indicates a com- 
peting interaction with GCR2 for GPA. Thus, 
-A1 appears to represent a node where df= 
ferent signaling pathways converge. 

‘The identification of GCR2 as an abscisic 
acid receptor brings G protein signaling into 
the limelight of plant research. To date, studies 
‘of plant signaling have focused on leucine-rich 
repeat receptors. The Arubidopsis genome 
encodes more than 600 leucine-rich repeat 
receptors, which are involved in pathogen 
recognition and in regulating numerous devel- 
‘opmental processes. In contrast th 
predicted seven-transmembra 
been neglected. G protein-coupled receptor 
candidates in Arahidopsis include the barley 
mildew resistance locus O and heptahelical 
proteins that are related to mammalian adipo~ 
nectin and progestin receptors (Which posses 
seven-transmembrane domains) (12, 13). 1t 
is hard to predict how many different G pro- 
tein-coupled receptors exist in plants and how 
they might interact. The limited number of dif 
ferent heteromeric G protein subunits, how- 
ever, provides an excellent system to funetion- 
ally elucidate the specificity and integration of 
G protein-coupled receptor signaling at the 
level of G proteins, 
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RETROSPECTIVE 


Alan G. MacDiarmid (1927-2007) 


RayH. Baughman 


n 7 February 2007, Alan Grahi 
Orson died in Philadelphii 

age 79, after falling when about to 
depart for a visit to his native New Zealand. 
He suffered from a blood disease that was 
‘expected to soon end his life 

Alan MacDiarmid, who shared the 2000 
Nobel Prize in Chemistry with Alan Heeger 
and Hideki Shirakawa, believed that winning 
the prize gave him a special obligation for 
advancing humankind, His indomitable spirit 
and sense of responsibility never dwindled. 
Having been close to death 2 months earlier in 
China, he was back on the road this January to 
Department of Energy laboratory and his 
institute at the University of Texas at Dallas, 
His planned 10-day tip to New Zealand 
included a life-sustaining blood transfusion, 
three keynote lectures, discussions with gov- 
ernment ministers, a TV interview, and a 
likely last farewell to family 

Alan was born in New Zealand on 14 April 
1927. The ravages of the Great Depression 
and long-term unemployment of his engineer 
father caused Alanto livein poverty during his 
youth, Yet his family assisted other impover- 
ished families as best they could. This tradi- 
tion of helping others, which Alan did in so 
‘many fields and countries, isan important part 
ofhis leyaey. 

After delivering milk in the early moming 
on a bieyele, Alan began primary school 
classes in a two-room school house, where 
“most of my school chums were Maori boys. 
and girls from whom I learned so much” (/). 
In honor of the native Maori and his New 
Zealand heritage, Alan danced the Maori haka 
at the all-night student celebration ending the 


Nobel Prize ceremonies, and at many other 
celebrations with friends. 
Alan's love of chemistry began at age 10, 


\when he started to read his father's chemistry 
textbook from the late 1800s. Alan prema- 
turely left high school to help support his fam 
ily, and fortunately found a part-time job as 
Jab boy and janitor in the chemistry depart- 
ment of Victoria University College. It was 
here that he earned his bachelor’s and master's 
degrees. His first published paper. in 1949, 
was on the eyelic $,N, molecule, which much 


The author sat the Nanotech institute, University of Texas 
at Dallas, TX 75080, USA, E-mail: ray.baughman@ 
utdallas. ed 


later played an indirect role in his Nobel 
Prize-winning codiscovery of metallic or- 
‘ganic polymers. 

Alan earned doctorates from the Uni- 
versity of Wisconsin and Cambridge Uni- 
versity and later became a professor at the 
University of Pennsylvania, where he made 
pioneering breakthroughs 
in silicon chemistry, which 
med him the 1971 Fred- 
rich Stanley Kipping Award 
n Chemical 
Society. In 2002, he be- 
came professor of chem- 
istry and James Von Ehr 

in 
Science and Technology at 
the University of Texas 
at Dallas 

In the 1970s, there was 
much excitement about 
newly discovered kinds of 
metallic mokecular charge- 
transfer complexes, an area 
in which Alan Heeger and 
his group were making landmark discoveries. 
Many researchers were trying to make insulat- 
ing organic polymers metallic—but either 
With the wrong polymer or the wrong dopant. 
Then, Mort Labes and co-workers at Temple 
University showed metallic conductivity 
down to 4 K for the undoped inorganic pol 
mer (SN),. which can be made from S.N, 
MacDiarmid and Heeger began to collaborate 
‘on (SN), and found that bromine doping pro- 
duced a 10-fold increase in electrical conduc- 
tivity. While visiting the Tokyo Institute of 
Technology in 1975, MacDiarmid showed 
Hideki Shirakawa golden crystals of (SN), 
and Shirakawa showed him films of his sil- 
very polyacetylene (CH),. Sharing vision of 
(CH), froman insulator 

1, Shirakawa joined 


Pennsylvania to make this happen. 

The discovery that insulating organic poly- 
‘mers could be converted into metallic conduc- 
tors by doping earned Heeger, MacDiarmid, 
and Shirakawa the Nobel Prize in Chemistry. 
Ithas had enormous fundamental and practi- 
cal importance. Realized or proposed prod- 
ucts include, for example, antistticand corro- 
sion-protection r 
shields, light-emitting devices, solar cells, 


AG. MacDiarmid, a chemist who co-discovered 
‘metallic organic polymers, had a profound 
sense of responsibility toward individuals and 
humankind. 


sensors, artificial muscles, transistors, super= 
capacitors, batteries, and fuel cells, 

A graduate student once ran into Alan's 
office saying that he might have accidentally 
condensed acetylene, thereby potentially 
a powerful bomb, as the acetyk 
gas precursor to (CH), becomes highly explo- 

ve when liquefied. The 
fire department wascalled 
and the building cleared. 
Alan volunteered to go 
alone into harm's way 
to eliminate the danger 
With all others. safely 
behind walls, he tucked 
arnotebook into his trous- 


creat 


ers to reinforce protec- 
tion afforded by bomb 
disposal clothing, and 
useda fishing rodto open 
valve and avert a poten- 
catastrophe, 

Alan was a hero in 
many other ways. He ere= 
ed institutes in New 
Zealand, China, India, South Korea, Brazil, 
and Texas, which emphasized finding sustain- 
able solutions for the increasing need. for 
ve poster sessions, he 
‘would focus on the work of young people. He 
would listen intensely to their presentations, 
ask penetrating questions. and then frequently 
and sincerely comment that “your work is s0 
very interesting.” This and other encourage- 
ment from such a great scientist inspired x 
erations of students. 

Alan was exuberant, loving, sensitive, and 
active in responding to individual human 
needs and those of humankind, His insights 
and discoveries, both fundamental and ap- 
plied, were critical for beginning the second 
age of polymers, where polymers become 
fully functional electronic materials. There 
\would have been more institutes that he nour= 
ished and many more breakthroughs, ifhe hac 
lived just a little longer, He is survived by his 
Wife, a sister, and two brothers, his four chil- 
dren, and nine grandchildre 
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Restoration of the Mississippi 
Delta: Lessons from Hurricanes 
Katrina and Rita 


John W. Day Jr.,1* Donald F. Boesch,” Ellis J. Clairain? G. Paul Kemp, 
Shirley B, Laska,? William J. Mitsch,® Kenneth Orth,’ Hassan Mashriqui,” Denise J. Reed,” 
Leonard Shabman,”® Charles A. Simenstad,”? Bill J. Streever,* Robert R. Twilley, 
Chester C, Watson," John T. Wells,"* Dennis F. Whigham’? 


Hurricanes Katrina and Rita showed the vulnerability of coastal communities and how human 
activities that caused deterioration of the Mississippi Deltaic Plain (MDP) exacerbated this 
vulnerability, The MDP formed by dynamic interactions between river and coast at various temporal 
and spatial scales, and human activity has reduced these interactions at all scales. Restoration 
efforts aim to re-establish this dynamic interaction, with emphasis on reconnecting the river to the 
deltaic plain, Science must guide MDP restoration, which will provide insights into delta restoration 
elsewhere and generally into coasts facing climate change in times of resource scarcity 


To survive, the soil surface of coastal wet 
lands must grow vertically to keep pace with 
local sea level. This is critical in the MDP, where 


relative seatevel 


goologic subsidence causes a 
rise (RSLR) of about | em/year as compared t0 
SLR. Plant growth 
anic soils; the rest of the ver 


LS mm\year of custatic 
contributes or 


tical growth comes from mineral sediments (7), 


Riverine inputs benefit cous 


wetlands in sev 
eral ways: Mineral sediments increase accretion 
and bulk density, nutrients enhance plant growth, 
fiesh water bullers saltwater intrusion, and iron 
Precipitates toxic sulfides (8, 9), The deposition 


(of older river sediments resuspended fiom bays 
and the nearshore Gulf of Mexico or eroded 
fiom other wetlands is especially important dur 
ing winter storms and hurricanes (7, 10, 1), How: 
ever, mast sediment is introduced directly from 
the river (/2), 

In the MDP, barrier islands grow and diminish 
in conjunction with del 
(23), Coarser sediments are depo 


aie lobe eyckss (Fig, 2) 
tive 


river mouths, and as the delta advances, sand is 


Nie Mississippi Deltaie Plain (MDP) is a 
| 25,000-km" dynamic landscape of wa- 
wetlands, and low upland rid, 


formed as a series of overlapping delta lobes. 
An understanding of how humans and Hurt: 
canes Katrina and Rita affected the MDP in 
2005 requires knowledge about the complex 


processes that formed and sustained the delta 
for millennia before human impact. The delta 
emerged about 6000 to 7000 years ago after 
custatic sea level stabilized (Fig. 1) (3). A 
variety of processes formed and sustained the 
delta and increased its overall size (Table 1) 
(A), Riverine sediments were deposited at river 
mouths and via overbank flooding, crevasse for 


ration, and ole distibutaries (2, 2). Crevasses 
\Were usually short-lived (<100 years) and formed 
depositional splays about 10 km wide, as com: 
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pared to hundreds of kilometers for delta lobes transported laterally to form beach ridges. Afler 
(5) Many former distributaries functioned, either channel abandonment, delia-front. sands are re 
Pomancntly oF seasonally, at the beginning of — worked to form erosional headlands attached to 


marshes behind the barrier, Waves and currents 
rework and redistribute headland sands laterally 
to form flankin 
move landward as sand is transported in w 


European colonization, around. 1700, A. skeletal 
framework of distibutary ridges and baricr islands 
(6) protected interior fesher wetlands from marine 
2s and sakwater intrusion (Fig. 1). 


cNow 
WBjoar 


Mississippi 
Bird Foot 
Delta 


Fig. 1. The MDP was formed by 2 series of overlapping delta lobes as the river occupied different 
channels. The delta is characterized by current and abandoned river channels, barrier islands, and 
extensive coastal wetlands. Currently, about two-thirds of flow is discharged via the lower 
‘Mississippi directly to the Gulf and one-third is discharged via the Atchafalaya River to a shallow 
bay where 2 new delta is forming. The location of levees is shown on the lower river as well as the 
location of the MRGO. The turbid plume shown on the right results from a river diversion. BP, 
before the present. [Modified from (66)] 
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‘over fans, As wetlands deteriorate, a barrier island 
are is formed. Over time, the barriers fagment 
into smaller islands, and extensive washover ter- 
races oF sandy shoals are formed inshore of the 
islands, eventually producing a submenzed com- 
ples of shouts and sand sheets, This process con 
tinves until another distributary channel forms 
and the eyele begins again, 


Deterioration of the MDP 
Since 1900, about 4900 km? of wetlands in 
‘oust Louisiana have been lost at rates a high 
as 100 km?iyear (14, 15), Wetland loss is much 
Jower on the central coast, where the Atchafalaya 
River, a distibutary that carries one-thind ofthe 
flow of the Mississippi River, discharges into a 
shallow inshore bay (/6), Loss occurs at the 
Welland edge because of wave erosion and in 
icrior wetlands by submengence as soil accre- 
tio fils to keep up sith RSLR (17). Mest loss 
‘was initially intemal, but as wetlands opened up, 
wave erosion has become more important (J8), 
Although a deka grows and decays as a natural 
‘outcome of the delta lobe eyels, the MDP ex- 
perienced an overall net growth for several 
thousand years alter the sca level stabilized, 
Human activities during the 20th century re- 
versed this trend (7, 17, 19), 

‘The main cause of loss was the isolation of 
the river ftom the MDP (17, 19). The river is 
how almost completely leveed, preventing over 
bank flooding and erevasse formation, so most 
of its discharge is into the deep Gulf of Mexico 
(Fig. 1), With the exception of the Atchafalaya 

, all distibutaries of the river have been 
closed. The lower Mississipi is prevented from 
secking a shoner course to the Gulf via the 
Atchafalaya by the Old River Control Stucture 

‘Over 15,000 km of canals have been driest 
for navigation, drainage, and logging. but most- 
ly fr oil and yas development (/7). This and 


the construction of impoundments have altered 
the hydrology that sustains the system (20). 
Spoil banks associated with canals reduce sheet 
flow of water through wetlands (2/). Deep, 
straight navigation canals cause saltwater intrusion 
and the death of fieshwater plant communities 
(17). One of the most notable is the Mississippi 
River Gulf Outlet (MRGO), a 12-by-300-m canal 
dredged through the Breton Sound Basin in 1963. 
Saltwater intrusion via the MRGO killed thou- 
sands of hectares of freshwater wetland forests 
‘As Katrina's path crossed Breton Sound, levees 
along the MRGO were breached and storm 
surge funneled through the MRGO and into the 
Gulf Intracoastal Waterway to contribute to the 
flooding of New Orleans. The withdrawal of il, 
natural gas, and formation waters lowered pres- 
sures in underlying geologic features, probably 


causing downfaulting and increasing the rate of 


subsidence by two to three times during active 
cil and gas production (22). 

The construction of reservoirs in the Mis- 
sissippi basin dramatically reduced the supply 
‘of both suspended and bedload sediments 10 
the delta (6). Inputs of sand are particularly 
important for maintaining barrier islands; thus, 
all barrier islands in the detiic plain are de~ 
{crorating (13) because the deterioration phase 
fof the barrier island cycle has accelerated 
while the development phase has been greatly 
reduced. 


Hurricanes and Mississippi Delta Wetlands 

Hurricanes are a regular, if episodic, force in the 
MDP. Thousands of tropical storms affected 
the delta as it grew over the past 6000 to 7000 
years. Under some conditions, runoff generated 
‘by hurricane precipitation introduces fresh water 
and nutrients that reduce salinity and enhance 
coastal productivity (23), Murmicanes also de- 
‘posit lange amounts of resuspended! sediments on 


Table 1. A hierarchy of forcings or pulsing events affecting the formation and sustainability of 


deltas. (Modified from (4)] 


Event Time seate Impact 
[Major changes in river ‘500-1000 years ‘New delta lobe formation 
channels {avusions), major sediment 

deposition 

‘Major river floods 50-100 years ‘Avulsion enhancement, major 
sediment deposition, enhancement 
of crevasse formation and growth 

‘Major storms 20-25 years [Major sediment deposition, 
enhanced production 

Average river floods ‘Annual Enhanced sediment deposition, 
freshening (lower salinity), nutrient 
‘input, enhanced primary and 
secondary production 

Normal storm events Weekly Enhanced sediment deposition, 

(frontal passage) ‘enhanced organism transport, 

higher net materials transport 

Tides Daily ‘Marsh drainage, stimulated marsh 
production, low net transport of 
water and materials 
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‘wetland surfaces, helping to offset RSLR, and 
thus are important forthe sustainability of marshes 
(7, 10, Hurricanes Katrina and Rita were the 
fourth and fi most powerful storms to strike 
the MDP since 1893 with respect to maximum 
‘wind speed at landfall, but were more remark 
able in both eases forthe hundreds of kilometers 
of the coast aflected by a storm surge of mote 
than 3 m. AS Katrina progressed across Breton 
Sound and Lake Borgne as a category 3 storm 
(sustained winds of 194 km hour"), it generated 
aston surge that exceeded 10 m on the Mis- 
sissippi coast and measured up to 6 m southeast 
of New Orleans, with up to 2 m of additional 
‘wave run-up in the mest expased locations (Fig. 3) 
24, In southeast Louisiana, communities. un- 
protected by levees were inundated, and the 
sonn destroyed levees protecting castem New 
Orleans and St. Bemard and Plaguemines par- 
‘shes to the south and cast. Floodvalls failed 
along drainage and navigation canals connected 
to Lakes Pontchartrain and Borgne, inundating 
most of the ret of New Orleans, Because much 
of this area is below sea level, the Mooxtwaters 
remained for 3-or more weeks while emergency 
repairs were made and the water was pumped 
‘out, More than 1800 people died as a direct or 
indirect result of Hurricane Katrina, almost 
1100 of them in Louisiana, 

Katrina and Rita deposited $10 10 em of 
sediment over lange areas of coastal wetlands 
(77), But about 100 km? of wetlands in the 
Breton Sound Basin lying in the storm path 
‘were converted to open water (25), Although 
some of this area is now 1m or more deep, most 
of the damaged area is shallow mud Hats 
spersed with myriad marsh clumps uprooted 
by the stom. The disturbance of buoyant low= 
salinity mushes with low-density: ongtnic soils 
often occurs during hurricanes. The Caemary 
river diversion structure is presently being ope 
ated to the maximum extent possible to enh 
‘marsh recovery in the mast heavily aflected area. 
Initial observations indicate substantial marsh 
ReoVery, 

Hurricane Rita made landfall near Sabine 
Pass at the Louisiana-Texas border on 24 Sep- 
tember 2005, generating a storm surge of up to 
$ m (Fig. 3) and reflooding parts of New Or- 
Jeans more than 200 km east of landfall, Coastal 
communities in Cameron Patish were destroyed, 
and pars of the city of Lake Charles expe- 
rienced 2-40-3.m-deep flooding associated with 
surge propagating up a ship channel To the 
cast, the 30-to-S0-km-wide Chenier Plain wet- 
lands reduced surge inland, Because of the lesser 
stom surge and lower population densities, fewer 
than 10 people lost their lives directly as a result 


rsidents from all Louisiana coastal parishes, 
however, and drove salt water tens of kilometers 
inland, killing freshwater wetlands in antficially 


‘impounded areas (. 
Hurricane Rita's highest storm surge was 
nearly as great as the surge confionting the 
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eastern side of New Orleans during Katrina, but 
had to cross 30 to 50 km of Chenier Plain wet- 
lands before reaching main population centers, 
‘whereas Katrina’s surge was less impeded as it 
traveled through lange lagoons, degraded wet- 
lands, andl artificial channels. Barner islands, 
shoals, and wetlands can reduce storm surge and 
aves, but the full range of these effects is not 
Well captured at present by most numerical 
models, Although it has been shown that dam- 
age from the 2004 Indian Ocean 
tsunami was less in communities 
sheltered by intact mangroves 
(26), the existence of an extensive 
barrier island system off of the 
Mississippi const didnot protect it 
froma 10-1 sunge during Katrina, 
Observations of water ke 
ceate that Rita’s sange was atten 
aod at an average rate of 4:7 em 
per kilometer of wetland land 
scape where channels were not 
present, This is similar to previ 
‘ous hurricanes, including Hurri- 
‘cane Andrew in 1992, indicating 
stom surge attenuation of 7.9 em 
per kilometer for intact wethunds 
along the central Louisiana coast 
C2 


Wetlands ean greatly 
wind penetration, thereby reduc= 
ing the wind stress available to 
generate surface waves as well as 
storm surge (34, 31). The shelter= 
canopied areas 
ch over Which 
Wve development takes place. 
Shallow water depths attenuate 
waves via bottom. friction and 
breaking, whereas vegetation pro 
Vides adklitional frictional drag and 
wave attenuation (32) and also 
limits static wave setups (33) 
troeting energy from waves either 
by breaking oF increased drag 
rehices destructive wave action 
‘on levees, During Katrina, wave- 
induced run-up and overtopping 
washed away many miles of turf 
eovered eaithen levees along the 
MRGO (24). Few wetlands or fast 
lands protected these levees from 
high-enengy surge currents. and 
aves that broke on the levee fice. 
Conversely, other earthen levees nearby that were 
‘overtopped by the low-velocity suze, but fronted 
bby extensive wetlands, escaped substantial dam- 
age (34). 

Depending on the rite of RSLR, coxstal 
‘wetlands maintain a near-sea-level elevation by 
trapping sediments and foming onganic-rich 
soils, Thus, wetlands play an important role in 
maintaining elevations near sca level in contrast 
tothe -3 to +m elevations that eharacterize the 


(| 


Fig. 2. The barrier island cycle in the MDP. [Modified from (13)] 


equilibrium depth of large bays along the 
Louisiana coast. Although the relative effcts 
(of shallow open waters versus intertidal wet- 
ands on oth waves and storm surges. from 
strong hurricanes remain to be fully resolved, 
it is clear that the intact barrier islands, wet- 
lands, and ridges that once characterized the 
coastal landscape of Louisiana afforded sub- 
stantial protection 19 New Orleans and other 
coastal communities that cannot be depended 


‘on today and must be replaced by more mas- 
sive levees. 

Consequently, maintaining and, where pos- 
sible, using. deltaic processes to increase the 
area of marshes, mangroves, and swamps in 
strategic locations would provide a self-sustaining 
complement to the structural protection of 
levees. Unfortunately. the physical and hydro- 
logic integrity of the wetlands southeast of 
New Orleans has been greatly compromised 
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by large navigation channels, which may now 
also require elaborate gates and other closure 
structures. 


The Evolving MOP Restoration Effort 
Planning the restoration of the coxstal landscape 
requires the design of sustainable ceasystems that 
integrate human society with the natural envie 
ronment (5-37) and work with rather than 
against natural processes. Such ecological en- 
gineering approaches rely. pri- 
‘marily on the energies of nature, 
with human enengy being used 
in the design and control of key 
processes, Because of the dimen- 
sions of the del’s. problems, 
traditional engincering approaches 
szich as levee constnuction and the 
placing of dredged! sediments ae 
also required An important goat 
of MDP restoration isthe applica 
tion of the optimum mix af eco 
logical and standard engineering 
appreachss. With this in mind, four 
general approaches. 40 restoration 
ae being evaluated, planned, or 
inmpkmientd in the MDP: 

(1) Reconnecting the river to 
the deltaic plain via river reintro- 
ductions, the reopening of old 
distibutaries, and erevassesplay 
development (35, 37, 38). Over 
the past two decades, it has be 
come increasingly clear that this 
will have to be done on a. karge 
scale, 

(2) Using dredged seximents 
to create and restore wetlands by 


tens of kilometers, This is ex- 
pensive, but because dredged 
sediments can be used 10 create 
wetlands quickly, this technique 
may be useful for restoring wet- 
lands that would soon be lost oF 


quickly creating large areas of 


wetlands that woukl then be 
sustained through iver reintro- 
duetions (39). 

(3) Restoring barrier islands 
by pumping sands from offshore, 
constructing groins and break- 
‘waters, placing riprap, and using 
fences and plantings to stabilize 
sind dunes (40, 42). Because 
MDP barrier islands do not just migrate but 
deteriorate over time, restoration will require 
‘ongoing maintenance. Restoration and mainte- 
nance can be justified, however, because islands 
reduce waves and storm sume and provide 
important habitats in the coastal landscape. In 
the fiture, the remobilization of sand wapped in 


up-asin reservoirs may become a souree of 


coarse sediments that will aid in. maintaining 
barrier islands. 
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pumping them over distances of 


1681 


1682 


Hurricane Rita Storm Surge 


Fig. 3. A composite figure showing paths of H 


Hooded, sites of levee failures, and wetland loss du: 


(4) Restoring hydrological processes by re 


moving spoil banks, backfilling canals, closing 
MRGO), 


sediments (43), 


gation channels (such a 


dep 1 


installing locks (42), trappin, 


and protecting interior shorelines against ero 
sion. Such restoration generally affects a rele 
tively small area, but can be particularly 


effective if done in conjunction with diversions 
so that river water is used most effectively 
Even with its bountiful natural resources, it 


must be remembered that the MDP is a “work: 
ing coast” (38, 44), and restoration must be in 
tegrated with navigation and ood-protection 
infrastructure, agriculture, urban development, 


commercial and recreational fishing, and oil and 


\s production. In tur, these activities will have 


{o adapt to projects, such as diversions, that seck 
ural state. This is 


to retum the delta to a more 
a lesson to be leamed regardin; 

Coastal restoration will be more efle 
it takes into account chan, 
ply, suspended sediment, and nutrient fluxes in 


the Mississippi River Bas 6). It should 


most dels. 


cs in fresh water sup- 


and restore the resources and envi 
the basin, including the restoration of the Mis- 
souri and Upper Mississippi: Rivers 


Hurricane Katrina Storm Surge 


icanes Katrina and Rita, surge levels [in met 
to the hurricane. 


flood plains, and reducing loadings of nut 
from agricultural lands that result in hypoxia in 
the Gulf of Mexico (47-49), 

Global climate change and the availability and 


cost of energy have important implications. f 


dela restoration (50), Accelerated sea-level rise 

changes in precipitation pattems, and changes 

in the y and intensity of hurricanes 
$4) must be taken into account in desig 


intensive rest 


energies of nature 
sil fuels (55, 


A New Institutional Framework 


For mos of the 20th century, public decisions 
and investments in coastal Louisiana focused 
on flood protection, navigation, oil and gas 
extraction, or wildlife management. Growing 


awareness of the dimensions and consequences 


of wetkind loss has resulted in lorable te 


for substantial 
public investments for restoration of the MDP. 
The federal Coastal Wetlands, Plannin; 
tion a 


gional advocacy and plan 


Proice 
1990 


Paths of Hurricanes Katrina and Rita 


as estimated by the ADCIRC model (67), areas 


has provided up to $80 million per year in the 


States, but it became ay 
scale restoration efforts were needed (56). A more 


inclusive ccosyste ‘Coast 


restoration plan, 
2080 Toward a Sustainable Coastal Louisiana, 


was developed in 1998, which included a di: 


verse amalgamation of projects of various sizes 


and purposes located throu 


futher refine the Coast 2080 Plan, the 
US. Army Comps of Engineers undertook the 
Le wal Area (LCA) Ecosystem Res: 
toration Study (58). The LCA Study pr 
nttative analyses of v 


isiana Co 


tailed qu 


ious resto 


tion features and of the cast and effectiveness of 


suites of various features in achievin 


ecasystem 
in total cost from $5 billion to 
ment and Bud. 


benefits, rang 
17 billion. The Office of Manag 
get directed the Coms to prepare a scaled-hack 
LCA Plan that was submitted 1 Congress in 
January 2005 (38). It recommended authorization 


of five “near-term critical ecosystem restoration 


features.” a science and technology pro 


ram, beneficial use of dredged 


tration pr 
and further i 


materials, tions of ot 


near-term restoration fea iL cost of nearly 


$2 billion. The Assistant Secretary of the Any 


requested programmatic authorization for ele- 
ments totaling S1.12 billion, which currently 
awaits passaze of a Water Resourees Develop 
ment Act or some other statute 

A National Research Council review of the 
LCA Plan concluded: “ahough the individual 
projects in the study are scientifically sound, 
there should be more and langer scale projects 
that provide a comprehensive approach to ad- 
dressing land loss over such a large arca. More: 
importantly, the study should be guided by 3 
delailed map of the expected future landscape 
‘of coastal Louisiana that is developed from 
agreed upon goals for the region and the na- 
tion.” (59, 60). Congress directed the Corps to 
develop a plan for closure of the MRGO to dog 
drat navigation, and in December 2006 the Comps 
recommended that the channel be permanently 
blocked! and not maintained even for shallow 
draft navigation. 

Before the hurricanes of 2005, planning and 
decision-making for delta restoration remained 
Jargely separate from that for storm protection 
and navigation (33). In LCA planning, restora 
tion features were evaluated on the basis of 
ecosystem benefits and financial costs, $0 that 
the most cost-effective array of features could be 
identified, Benefits did not specifically include 
the value of storm damage reduction, and costs 
were only outhays by govemments, even 
though the features might impose costs oF yiek! 
benelits to current exosystem users (such as 
fishers and oil and gas an! navigation interests) 
‘These analytical limitations effectively isolated 
restoration plan formulation from other potential 
synongies oF conflicts with flood protection, 
stom damage reduction and navigation. 

i has become clear not only to scientists 
‘and engineers (38) but also to a growing seg 
iment of the public and political leadership that 
sustaining a coastal landscape is necessary to 
‘ensure the habitabilty and economic enterprises 
‘of the MDP (61, 37). The implications of this 
new awareness are world: First, activities that 
couk further diminish the coastal landscape 
have to be adjusted 50 that they are consistent 
With that sustainability; and second, ecosystem 
restorttion efforts must now inchide stom 
damage reduction benefits as a major consider 
ation in the overall restoration plan (38). In the 
aftermath of the 2008 hurricanes, the Louisiana 
Legislature ereated the Louisiana Coastal Pro- 
tection and Restoration Authority and Congress 
dlireeted the Comps to undertake the 2-year Loui- 
siania Coastal Protection and Restoration Project 
(LACPR) in onder to identify, describe, and pro- 
pose a full range of ood control, coastal res- 
‘oration, and huricane protection measures for 
south Louisiana At this point, the preliminary 
LACPR report and the preliminary draft State 
Master Plan (6/) deal predominantly with hur- 
ricane protection barriers, including coastwise 
levees with floodgates that could diminish the 
sustainability of the eoxstal landscape. Much 
remains to be done to integrate hurricane pro- 
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tection and coastal ecosystem restoration ina 
compatible manner. 

Nonetheless, the 2005 hurricanes have also 
given new impetus to more comprehensive and 
aggressive coastal ecosystem restoration ap- 
proaches than those included in the 2005 LCA 
Plan proposed to Congress. These include laer- 
scale diversions, the long-distance conveyance of 
sediment slurries, and reengincering of the nav- 

ational access at the mouth of the Mississippi 
River so that more of the sediment load of the 
river is retained in the nearshore zone 10 con- 
tribute to constructive and sustaining dehaic 
processes. Furthermore, the damage wrought by 
the hurricanes has lessened some previous social 
obstacles to these more agesessive approaches by 
forcing relocation away from the coast, causing 
losses of resources. andlor infrastructure, and 
Jowering public tolerance for obstructions by 
harrow interes. All of this is evidence that there 
is a growing recognition that delta restoration 
and hurricane protection will demand a suite of 
activities that are much greater in scale and 
more profound than those considered barely a 
decade ago. 

The Gulf of Mexico Energy Security Act, 
signed into law in December 2006, gives Loui- 
siana and other Gulf Coast states 37%» of the 
revenues from newly openad oil and gas tracts. 
Louisiana has constitutionally dedicated these 
revenues 10 coastal restoration and protection 
‘Along with other anticipated revenue streams, 
this could provide approximately SI billion per 
year over 30 years for these purposes. Conse- 
‘quently, the state may have the resources 10 
‘pursue coastal ccosystem restoration on a scale 
larger than any other U.S. region. This poses a 
major challenge t science and science-based 
planning 10 develop the most strategic and 
cfiective strategies, while minimizing the con- 
ficts and maximizing the synergies in achieving 
multiple social objectives within a sustainable 
ccoasial landscape required for the future of the 
region. At the same time, the substantial uncer- 
{ainties must be recognized, accepted, and incre 
mentally reduced through adaptive management 
approaches that promote leaning while exe~ 
cuting and enhancing the effectiveness of fi- 
ture decisions —for this must truly be a omg-term 
commitment, That will require substantial im- 
provements in science, engineering, planning, 
‘and management capacity. operating with a sense 
‘of ungency and purpose. 

The restoration of the MDP is important not 
‘only in its own right, but because it provides 
understanding needed to contend with the many 
other deteriorating delta systems around the 
world. Moreover, it serves as a model for adap- 
tation to future climate change in coastal cco- 
systems more generally. Because of high rates 
(of subsidence, the MDP presently has a rate of 
relative sea-level rise equivalent to that predicted 
for many coasts toward the end of this century. 
Human impacts haye caused both substantial 
increases and decreases in freshwater inflow 10 


REVIEW [ 


parts of the coast. And the area has one of the 
highest frequencies of tropical cyclone impacts 
in the world. The management approaches de- 
eloped to restore and sustain the MDP in the 


face of present-day forces will undoubtedly in- 
fyence future adaptation to climate change im- 
pacts elsewhere, especially during a period of 
resource scarcity. In addition, the experience in 
the MDP indicates that restoration on such lange 
scales requires long time periods and complex 
stakcholder engagement. 
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Gene Co-Inheritance and 


Gene Transfer 


Yaniv Brandvain,* Michael S. 
he functional transfer of mitochondrial 
| genes to the nucleus isan enigmatic featune 
of cukuryotic genome evolution (In 
angiosperms, functional gene transfer is charac- 
terized by periods of stais punctuated with bursts 
of transfer activity, a large variance in the number of 
transfers among lineages, and a high frequency of 
recent and a death of ancient transfers (2, 3). De= 
spite extensive documentation of mitonuckar gene 
transfer in angiosperms there is no well-supported 
cexplination for this “unfathomable” variation (3). 
To understand the variation in mitochondrial genic 
translocation (3) and the evolutionary forces af 
fecting genomic transfer, we examined the asoxi- 
ation between number of functional mitonuclear 
gene transfor events and angiogpemm reproductive 
mode, 

When a gene moves fo tochondria to 
the nucleus, its environment changes five 3 pri- 
marily nonrecombining, fuploid, uniparentally in- 
hrited mitochondrial genome to a recombining, 
biparentlly inherited nuclear genome. Thus, the 
evolutionary advantages of recombinstion may 
drive mitonuclear ene transfer, because re- 
‘combination allows mitochondrial genes to exape 
degradation by Muller's ratchet, the imeversible 
accumulation of deleterious mutations o increases 
the rate of spread of atvantagcous mutations (4. I 
cither of those selective forces drives mitonuclear 
ene transfer, mone gene transfer shoul be eb 
served in outcrossing taxa because they experince 
more effective recombination thn selfing or clonal 


Although selfing 
and clonal reproduc- 
tion diminish: recombi- 
nation, they inerease 


2 
a 


pairs in the same indi 
vidual are inherited 
together and thus are 
simultancously identi 


2 
2 


eal by descent. High 
Oey conserves mitonu- 
clear gene combinations 
(3) across genet 
as Well as nu 
combinations, inereas 
ing the effectiveness of 
selection on mitonuclear o 
and nucksr-nuctearepis- 0 
tasis (6). 

The opportunity. tee 
functional gene trans 


Percent of taxa with X transfers 


1 


jarker, Michael J. Wade 


begins with the incorporation of a mitochondrial 
‘gene into a nuckar genome. The transfered gene 
must then acquire sequences conferring nuclear 
‘expression and sequences tangeting the gone rodct 
to the mitochondrion (J). Lastly, the mitochondrial 
‘copy must be silenced or lst fio the population 
hile the nuclear copy & retained. Throughout this 
complex process. high Oye preserves fictional 
ene combinations, whereas reproduction with low 
Oye breaks apart gene combinations, potentially 
Uniting two nonfunctional conyplements 

I the process of gene transfer invoWes oo 
adaptation of mitonuckear gene combinations, her= 
iiabilty of these combinations is necessury for a 
response to scktion, Because adaptive fimetion 
aller transfer requires simultancous genctic changes 
inboth genomes its probable that co-inheritance is 
alo essential to successfil functional gene transfer 
(5). A positive association betwoen oo-inheritance 
and transfer numbers wouk! provide suppor for 
this hypothesis 
Atemtively, mitonuclear transfer could be 
tral process, ida by random genetic drift or 
an adaptive process, uuided by genes with adklt 
effects on fitness regandles of mating system. 
Neither of these hypotheses makes any prediction 
cconceming the relationship between Ope and the 
fhumber of transfer events. 

We tested these competing hypasheses by ex- 
amining the relationship between independent 
mitochondrial gene fosses [documented in (2)] 
and ancestral Oygy (ranked as high, intermedia 
‘or low) across. 170 angiosperm genera [sce Sup- 


®MNn 
BHigh (N= 18) 
Miintermediate (N= 62) 
Blow (N= 90) 


2 3 
Inferred no. of independent mito-nuclear transfers (x) 


Fig. 1. Distribution of inferred number of gene transfers by On. 
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porting Online Material (SOM) text for titra, 
‘categorization, justification, and reference of each 
esl. Adams er al, 2) infared loss of essential 
mitochondrial genes by Southem blots but did not 
confirm transfer between the mitochondria and 
ruckus, Sequenced plant mitochondrial. genomes 
show that mos inferred losses represent true losses 
and that functional copies of lost mitochondrial 
genes are usually found in the nuckews (1,2), with 
‘exceptions removed from our analysis (detailed in 
SOM text, Similarly, our inference of ancestral 
reproductive mode is imperfect (SOM text), and 
thus greater resolution ofthe timing of gene transfer 
‘would facilitate beter inference of ancestral Oya, 
Providing a stronger test of our hypothesis. 

We found a strong, positive association be 
‘wwoon Oyey and the number of finetional gene 
transfer events (Speaman’s p» 0.233, two-tailed 
P> 0.002, Fig. 1), consistent with the prediction 
that gene co-inheritance ficlitates functional gene 
transfer and opposite 10 predictions that sug 
these advantages are dc to recombination (4) The 
range of variation in the number of transfer events 
and the value of Oy within clades (fig, $1) rules 
‘ut the possibility that this result is de to a phy 
Jogenic coincidence, Furthermore, a positive ase 
sociation between Oyay and gene transfer is 
consistent with the observed phylogenetic dis- 
‘rbution of many revent but few ancient transfers; 
if selfing and clonal reproduction representa “dead 
cen” (7), gone transfor in these high Oygy groups fs 
followed by their extinction. 

Evidence that chloroplis4o-nuclear gene 
fer movement of nuclear genes among chtomo- 
somes. oF movement of genes between hosts and 
‘vertically transmitted endosymbionts are associated 
With higher 0 would farther support our hypothesis, 
Ovenal, these findings and predictions demonstrate 
thatthe heritability of gene combinations provides a 
Predictive famework forthe evolution of genome 
anchitecture. 
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resolved with an optical microscope [numeric 


Far-Field Optical Hyperlens Magnifying so.235)° Tsun ms 


i Sees * cation and projection of a. sub-iction 
Sub-Diffraction-Limited Objects limited image into the far field. In contol 
experiment, the line pair object was image with- 

ut the hyperlens, The line pair could not be 

Zhaowei Li," Hyesog Lee,* Vi Xiong, Cheng Sun, Xiang Zhangt resolved because ofthe difation mit NA 
260) nm (Fig, 1, Band C), Because the hypedions 

n optical hyper- supports the propagation of a very broad spec 

| aused by the loss of evanescent waves. lens and a metamatcral crystal superiens have mum of wave vectors, it can magnify arbitrary 
in the far field that cary high spatial proposed the use of an anisotropic medium objects with sub-dilaction-fiited resolution 
frequency information, limits the resolution of with a hyperbolic dispersion such that ordi- The recorded image of the leters “ON” shows 
optical lenses tothe order ofthe wavelength of nary eva the the fine features of the object (Fig. 1D). The 
light used to image the object. Projecting asub- radial diction ofthe layered mctamateral (7-9), subiration resolution of 1 30nm was achieved 
Uitiraction-limited image into the far field Microscopically, the large spatial frequency (li. SU). Although this work deals with the 
‘woul require recovery ofthe ex ate through coupled surface cylindrical hyperins, it should be possible 10 


\¢ diffraction limit of 


ht, which is Recent theoretical studies on 


escent waves. propagate 


pescent WAVES, WAVES Pro} 


imaterials-based superlens offers that plasmon excitations between the metallic lay- design a spherical hypertens that can magnify in 

ty (/). Although slablike superlenses ers (10, 11), three dimensions. Unlike near-field optical mi 
have demonstrated sub-dif We demonstrate a magnifying optical hy-  erascopy that uses a tip to scan the object, our 
olution (/-4) imaging in the near field, mag- perlens consisting of a curved periodic stack optical hyperlens magnifies a substiffaction 
nification of subwavelength features into the of Ag (35 nm) and ALO, (35 nm) deposited on limited image and projects it into the far fied, 
far fickd has not been possible. It was proposed a half-cylindrical cavity fabricated on a quartz This experiment demonstrates the capability 


1A). Sub-diflraction-limited ob- of a hyperlens for sub-diflraction-limited im 
structed by using cylindrical metamaterials (5,6), jects were inscribed into a $0-nm-thick chrome The hyperlens magnifies the object by 
layer located at the in- transforming the se 0 
ner surface (air side). propagating waves in the anisotropic medium, 
The anisotropic meta- projecting a high-resolution image into the tur 
material was designed field. The optical hyperlens opens up exciting 
0 that the radial and possibilities in applications, such a real-time bio- 


that a magnifying superlens could be con- substrate (F 


tangential permittiv- — molecular imaging and nanolithography 
ities have different 
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Asymmetric T Lymphocyte 
Division in the Initiation of 
Adaptive Immune Responses 


John T. Chang,?* Vikram R. Palanivel,’* Ichiko Kinjyo,? Felix Schambach, 
‘Andrew M, Intlekofer,* Arnob Banerjee,* Sarah A. Longworth,? Kristine E. 


Paul Mrass,” Jane Oliaro,” Nigel Killeen,* Jordan S. Orange,® Sarah M. Russell,” 


‘Wolfgang Weninger,” Steven L. Reiner*t 


A hallmark of mammatian immunity is the heterogeneity of cell fate that exists among pathogen- 
‘experienced lymphocytes. We show that a dividing T lymphocyte intially responding to a microbe 
exhibits unequal partitioning of proteins that mediate signaling, cell fate specification, and 
asymmetric cell division. Asymmetric segregation of determinants appears to be coordinated by 
prolonged interaction between the T cell and its antigen-presenting cell betore division. 
Additionally, the first two daughter T cells displayed phenotypic and functional indicators of being 
differentially fated toward effector and memory lineages. These results suggest a mechanism by 


clonal selection theory of adaptive 
| mimunity suggests that proliferation of 3 
single lymphocyte should provide suf 
(efector cells), 
pacity to maintain 
selected lineage (memory cell). Throughout 
mctwoan development and homeostasis, a con- 
served mechanism is used to conker dispa 
fates among daughter cells. This mechanism, 
known as asymmetric cell division, involves po- 
lrized alignment of determinants of cell fate 
pemendicular to the mitotic spindle, thus ensuring 
the unequal inheritance of enitcal motecules and 
dlivengence of daughter cell fates (7). Asymmetric 
ccoll_ division coukl. thus represent a potential 
mcchanism to ensure that appropriate divenity 
‘of cell fate arises from the clonal descendants of 
single lymphocyte during an immune response. 
T cell interaction with antigen-presenting cells 
is characterized by orientation of the actin and 
oskeleton and asymmetric sepregation 
adhesive proteins toward the site 
(2). With sustained signal 
ereellular conjugation can last 
hours in vitro (3). Although the immunolog- 
ical synapse has not been fully resolved in vivo 
(4, 5), recent time-lapse imaging of lymphoid 


t function for acute det 


ing 
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a single lymphocyte can apportion diverse cell fates necessary for adaptive immunity. 


tissue suggests that an activated T cell undergoes 
sustained interaction with antigen-bearing. den- 
dritic cells (OCs) during the interval preceding its 
first cell division (5-11). 

Ifsynapse-like polarity occurs during the pro- 
longed contact with DCs that procedes the first T 
cell division, itis possible that asymmetry might 
ensue. Stable orientation of the original micro 
tubule organizing center (MTOC) int a. synapse- 
proximal position through the time of mitosis 
‘woul! result in the duplicate centrosame moving 
to the distal pole during prophase. If segregation 
‘of signaling components was also maintained 
during the interval of sustainal contact, then 
their orientation at a pole of the mitotic spindle 
would fulfill the hallmarks of asymmetric divi- 
on. Consequently, we explored the possibilty 
that asymmetric cell division can initiate differ 
entiation associated with the adaptive immune 
response of T cells 

Segregation of immune receptors and 
ancestral polarity proteins in mitotic T cells. 
Whether initial cytokinesis of naive T cells 
‘occurs during contact with DCs, or after 
dissociation from DCs, has not been resolved 
(5.8, 12, 13), We therefore tested the potential 
for asymmetric division by isolating T cells that 
appeared to be preparing. for their first divi- 
sion in vivo and examining their subcellular 
characteristics ex vivo (/4), Naive mouse CDS 
T cells transgenic for the P14 T cell receptor 
were labeled with carbaxyfluorescein diacetate 
succinimidy! ester (CFSE) and adoptively trans- 
ferred into wild-type recipients. These recipients 
had been infested 24 hours previously with in- 
travenous recombinant Listeria. monocytogenes 
bacteria expressing a specific antigenic gp33-41 
peptide epitope (gp33-L monocatogenes) (14), 
At 32 hours alter transfer, undivided donor T 
cells (representa by the brightest CFSE peak) 


‘were sorted by flow cytometry and examined by 
confocal microscopy. This approach ensured 
that we were examining T cells preparing for 
their fist division 
individed (parental) T cells were stained 
with antibodies against B-tubulin and various 
Tell signaling proteins and readil 
as activated blasts by their increased cell size 
2. St}, Mast of the blasts contained a single 
MTOC, indicating that they were activated, but 
premitotic, cells (Fig. 1A far left) fn more than 
Kn of such cells, the centrosome colocalized 
with a polarized patch containing leukoe) 
function-associated anigen-1 (LFA=1), CDS, and 
(D3 (Fig. 1A, far let). This polarity was not a 
direct result of the adoptive-transfer process, 
because transfered naive T cells that had not 
been exposed fo antigen exhibited diffuse stain- 
ing of the same receptors (fig. 2). In contrast 10 
the polarity exhibited by components known to 
participate in immunological synapse formation, 
the localization of CD90, a nonsynaptic trans- 
‘membrane receptor, was found to be diffuse in 
T-cells from infected recipients (Fig. 1A). 
Although much less frequent than the pre= 
mitotic blasts, mitotic cells (hose in prophase 
‘through anaphase) could be Alentifiod by the pres- 
‘nce of two oppositely facing MTOCs (Fi, 1A) 
Like their premitotic counterparts, these mitotic 
T cells exhibited pronounced polarized distri 
bution of LFA-1, CDR, and CD3 (Fig. 1A). AS 
With premitotic blasts, the synaptic components 
colocalized with one MTOC, which consequent 
ly represented one of the two pokes of the mi- 
totic spindle (Fig, LA). The initial cell divisions 
We observed in this experimental setting af 
CDS" T cell responses were, therefore, charae= 
terizad by panitioning of signaling proteins per- 
penuticular to the mitotic spindle, « morphology 
reminiscent of asymmetric cell divi 
We next examined if asymmetric T eel! di- 
Vision could also be detected in CD4” helper 
T cell responses. Leishmania-specific T cell re- 
ceptor (TCR) transgenic CDI 
labeled with CFSE and adoptively: tru 
iype recipients that had been infected 
24 hours earlier with L. major U4), At 32 hours 
after the transfer, undivided blasts were exam 
ind for the localization of LFA-1. CD4, and the 
receptor for interferon (IFNR), Which polarizes 
to the immunological synapse during activation 
of CDI" T cells in vito (15), All three receptors 
colocatized with the MTOC of premitotic blasts 
and remained asymmetrically partitioned in. mi- 
totic CD" T cells in vivo (Fig. 1C), Asymmetric 
segregation of signaling mokecules may, thus, be 
a feature of both major T cell subsets undergoing 
the first division during an immune response, 
On the basis of their suzgested role during 
T cell migration and activation in vitro (/6), 
ve next examined the localization of anges 
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lian homolog of atypical PKC, a component of 
an essential cell polarity complex. contain 
Par-3 and Par-6 (I, 17). Seribble is as 
component of another key polarity complex 
that is often p cd opposite the atypical 
PKC-containing complex (J7). In premitotic 
cell blasts, PKCE was observed to localize op- 
posite the MTOC and persisted into mit 

this asymmetric position at the putative distal 
pole (Figs. 1A and 2). In contrast, Scribble 
colocalized with the MTOC at the putative 
synaptic pole of premitotic blasts (fig. $3), and 
this, t00, persisted into mitosis (Fig. 2), wu 
ancestral polarity network appeared 10 by 
established before mitosis and pe 10 M 


poles of the 
Sustained synapsis required for asymmetry 

during mitosis, To determine whether 
initial mitotic T cell 


Wild-type (infected) 


Tubulin Merge 


° 


Pre-Mitotic 


Tubulin Merge 


and fcamI~~ mic 
090 (g 


lymphopenia for Rag 


1688 23M 


., 60 
3 
240 
* 20 
io el oH 


mice) and examined by confoc 
). Panels are representative of nine or more mitotic cel 
cell, but single MTOO; all remaining panels are mitotic 
represented in (A). The number of mitotic cells examined for each rec 
LFA-L (21, 30, 9); CDB (19, 27, 13); CO3 (15, 27, 9). 
infected wild-type recipients were harvested from draining lyn 
IFNyR (green). Polarity of LFA-1, CDS, and IFNyR was obser 


as related Js sustained contac Jo not support the sustained intervals of T cell 
pathogen-associated DC before division, we ex 0 aracterize productive immune re 
on in vivo. In the ie Toe the uninfected Iymphopenic mice 
lransferred into Iymphopenic RAG deficient re- and the infected ICAMI-deficient recipients, 
ll division in the absence of vigon I division of the transferred T cell 

1 of divisic ed acute population was supported (Fig. 3C, fig. 4), 

ath nes not depe ere Was, however, a substantial loss of 

it fore hy asymmetry in mitotic T cells retrieved fiom the 

is initiated in resps mutant mice, with diffuse distribution of synap- 

antigen in an ¢ jevoid of other lym proteins and no apparent orien 
phoe nel, afore ation of these proteins to the mitotic spindle (Fi. 
il . A and B), These findings suggest that events 

aching i ) during the prolonged contact between T cell and 
and $0 u dependent inter- DC preceai st T cell division, rather 
actions be 9, + than general mitogenic signaling, are required 10 
actions have bx to be cri ‘Asymmetric inheritance of fate determi: 
orga rm Hl division in mamma- nants in the first daughter cells. To determine 
an skin (20) and because DCs lacking ICAMI if asynumetic segregation of synaptic protein: 


Rag1-/- (uninfected) Icamt-/- (infected) 


Tubulin Merge 


Mitotic 


LFAT cpa cD3 


Wild-type (infected) 
i Ragt-/- (uninfected) 
O Icam1-/- (infected) 


Fig. 1. Asymmetric protein segregation in mitotic T cells responding to 
infection. (A) Undivided P14 CDB* TCR transgenic T cells from spleens of 
indicated recipients were harvested 32 hours after in vivo exposure to the 
mitogenic stimuli (infection with gp33-L. monocytogenes for wild-type 

croscopy after staining for {tubulin (ed) and LEA-1, CD3, CDB, PKC‘, or 

‘oup. Far lft panels are premitotic blasts from infected wild-type recipients (large 

ly facing MTOCS). (B) Quantification of polarized receptors on mitotic CD8* T cells 

tor (per group of wild-type, Rag, and Icam~~ mic, respectively) was as follows 
0.001. (©) Undivided donor Leistimania-specific CD4* TCR transgenic T cells from 
ours and stained with antibodies agains f-tubuln (red) and LFA-1, CD4, or 

15), 78% (n = 9), and 71% (n = 14) of mitotic cells, respectively 


Tubulin Merge 


P< 0.025; 
h nodes after 
red in 60% (n 
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undergoing cytokinesis. Sorted, undivided T 


cells arious i 


at had already responded to 


vivo stimuli were cultured in media contai 


cytochalasin B, to inhibit actin polymerization, 


before imaging (/4). This resulted in the arrest 


Costaining of CDS and PKCE reveaked unequal 


protein inheritance in daughter T cells subs. 
3A) 
psistently sceregated to oppo 


quent to the in vivo immune response (F 
CDS and PKC « 


localization of PKCS in premitotic and 1 


blasts. In contrast, cells undergoing acute ho- 


meostatic proiferation, representing non antigen: 
driven eell division, displayed uniform inheritance 
of CDS and PKCE to both daughters (Fig. 3A). 


vo that were not cul 
tured in cytochalasin B (Hig. $5), 

The asymmetric segregation of CD. be 
tween conjoined twin daughter cells suggested 


metric receplor disparity i 
nascent daughter populations, In infected wild: 


of CDS an 


type recipients, bimodal distributi 
LFA-1 staining was evident in bulk populations 


3B), In contrast, daugh 


proliferation exhibited a unimodal distribution 
(Fig. 30) 


proximal and distal daughter populations, 


tors, respectively, However, why the putative 
tal daughter was not observed to proliferate 
substantially beyond the first division (Fig. 3, B 


Fig. 2. Bipolar segrega D3 
tion of conserved requ 

lators of asymmetric cell 
division during. mitosis 
Cells from infected wi 
type recipients were har 
vested as in Fig, 1A and 
stained for CD3 (gree 
tubulin (blue), and 
LFA, PKCG, or Scribble 
(ed). Colocatization of 
D3 with LFA-1 and 
Scribble was observed in 
94% (n = 16) and 
100% (7 = 10) of cel, 
respectively. PKCC. was 
polarized opposite C3 
in 90% (n = 10) of cel 


CD3 


CD3 


Scribble 


IFN’ 


signaling induc transcription factor 
ST), wh crentially expressed 

sor cells h ae 

3 s conceivable "e 


Numb, 


CDS (Fi 


4). Inheritance of Numb by pr 


Notch 


pathogen-stimulated DCs (26). Like the asym: 
tric inheritance seen for IFNyR, that of Numb 
appeared specific to daughter cells wing 
to infection, because only symmetric segrega- 
tion of these proteins was dete the or 
division (Fig. 4). Se 


LFA-1 Tubulin 


Tubulin 


Tubulin Merge 
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is of two Fate-determining Signaling pathways 


thus provides a possible mechanism for asym. 
metric T cell division to generate intraclonal di 
versity during the immune response 
Asymmetric division yielding effector- and 
memory-fated progeny. Consistent with the 
le for asymmetric cell division in 
different daughter fates, we observed a 


arity in phenotypic markers of 


y cells between the putative 
ely. The 


abundant CDS) were lang 


granularity, and expressed low levels of CD62L 
but higher levels of CD69, CD43, CD25, 
CDH (Fig. 5A, fig. $8), 
ith the effector lineage ( 
less abundant CDS) had a 


und 
4 profile consistent 
27), In contrast, distal 


und expressed high levels of CD62L but 
er kevels of CD69, CD43, CD25, and CD44 
SA, fig. S8). We also abserved coondinate 
disparity in proximal and distal daugh 


ters, Proximal daughters exhibited 
proxlucts, IFN-y 
and Granzyme B (Fig. SB), whereas distal daugh: 


exhibited gramer expression of interleukin: 
7Ra) mRNA (Fig. $C), a marker 


A prediction of these observations is that the 
ceffsctor-fated daughters will terminally differen: 
Uiate, without substantial regenerative capac 
ity, In contrast, memory-fated daughters would 


retain long-term developmental plasticity to both 
nl terminally differentiate, e0 


selfrene sistent 


with the recogni, res of memory T cells 


challenge should be better controlled by. the 


mnemory-like precursors (28). To test this predic 


tion, we sorted putative and distal 


than to a 
challenged immediately or at 
ith gp33-L. m 

4), At 30 days afler transfer 


assess protection ( 
lens were indeed found to provide 
ction than was found with 
(Fig. SD). However 


measurably better pi 
proximal daughter T cell 
proximal daughters provided equal or beter 
n their distal counterparts. when 
5D), 
first two 


hallenged immediately afler transfer (Fig. 


The fimnctional properties of the 


daughters were thus consistent with our assign: 


ment as effector and memory precursors on the 
basis of phenotypic and functional markers 
Discussion. 


The function of the immuno: 
is it has been studied in vitro, 
has remained enigmatic (30), The emerging 


parent T cell and DC undergo 


gcd contact in vivo relatively late after 
ital activation (5-11) pro 
‘viously unknow 


the possibility of fianetion 
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Fig. 3. Disparity in synaptic and polarity protein 
Inheritance of daughter CO8* T cells. (A) Un- 
divided P14 transgenic CD8* T cells from infected 
wild-type or uninfected RagI~~ recipients were 
cultured in media containing cytochalasin B for 4 
hours at 37°C to arrest cytokinesis, Cells were then 
stained for CD8 (green), PKCZ (red), [tubulin 
(blue), and DNA (grayscale. Cells undergoing 
cytokinesis were identified by pronounced cyto- 
plasmic cleft by brightfeld and dual nuclei and 
were scored for asymmetric segregation of stain 
ing between conjoined daughter cells. Merges of 
DB with PKC were superimposed onto both the 
tubulin and brightfield images fourth and seventh 
columns, respectively). Asymmetric segregation of 
COB in wild-type versus RagI™ mice occurred in 
69% (n = 29) versus 14% (n = 35) of twin sets, 
respectively. The percent asymmetric segregation 
of PKC was 629% (n = 34) in wild-type and 14% 
(n= 25) in Rag mice, For both molecules, the 
incidence of asymmetry was significantly greater 
in cells from wild-type compared to Ragl~™ mice 
(= 0.001). Incostaining experiments where both 
molecules asymmetrically partitioned, CD8 and 
PKC: segregated to opposite daughters in 100% 
(7 = 9) of wild-type twin sets. (B) Differential 
abundance of synaptic proteins in the first 
daughter T cells responding to infection. CFSE-label 
cells from infected wild-type recipients were a 


CD8__PKC{ Tubulin Merge DNA Bright Merge 


CDs LFA-1 CDs CDs 


ed transgenic CD8* T transferred cells (right upper panel are shown, Receptor abundance (x axis) of 


alyzed by flow cytometry 48 electronically gated daughter cells (second brightest CFSE peak only) is 


hours after infection. Division, represented by CFSE dilution (x axis), and displayed below. (C) Comparison of CD8 abundance in daughter cells arising 


receptor abundance (y axis) ofall transterred cells (left 


Fig. 4. Asymmetric inheritance of fate determi 
nants in the first daughter T lymphocytes. Cells 
obtained and analyzed as in Fig. 3A were 
costained for IFNyR and PKCC (upper rows) or 
D8 and Numb (lower rows), plus frtubulin and 
DNA. Asymmetric segregation of IFNyR in wild: 
type versus Ragi~ mice occurred in 77% (n = 
13) versus 7% (n = 14) of twin sets, respectively. 
The percent asymmetric segregation of Numb was 
67% (n = 18) in wild-type and 13% (n = 15) in 
Ragi~~ mice. For both IFNyR and Numb, the 
incidence of asymmetry was significantly greater 
in cells from wild-type compared to Rag1™ mice 
(P = 0.002). In costaining experiments where both 
molecules asymmetrically partitioned, IFNyR and 
PKCG segregated to opposite daughters in 100% 
(n=5) of wild-type twin sets, while CD8 and Numb 
segregated to the same daughter in 100% (n = 8) 
of wild-type twin sets 


for the synapse; namely, that it helps coordinate 
asymmetric cell division. AC its simplest level, a 
mechanism for asymmetric cell division might 
provide a solution to an essential problem facing 
adaptive immunity. [fan 
from the activation and proliferation of 
ant 


specific naive T cell, simulta: 
ment of effector and men 


erties to two different daughters would ensure 
acute elimination of the microbe, while preserving 
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upper panel) and CD8* after infection (left) versus acute homeostatic division (right) 


PKC Tubulin Merge DNA Bright Merge 


Numb Tubulin Merge DNA Bright Merge 


BL Rin 
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the event that all effect 


then coordinate another episode of asymmetry 


1¢, as well as a sell: 


siven pro- differentiated effector 


nemory lineage. Such a model is cor 
numbers sistent with the stem cell-like features that have 


9, 31) and 


Of similarly fated dau is might be been proposed for memory T cells 


akin to the symmetric homeostatic division we is one that we are currently investigating by 
 Teells 


nice. Upon secondary expo-—m 


examining the mor 
T cells and th 


Fig. 5. Daughter CD8* T cells acquiring disparate 
fates during immunity. (A) CFSE-labeled CD8” T 
cells were analyzed as in Fig. 3, B and C, with 
antibodies against CD8 and one of the following 
molecules: CD62L, CD69, CD43, CD25, or CD44. 
Phenotypic markers of effector and memory cells (x 
axis) and CDB abundance (y axis) of electronically 
‘gated daughter cells (second brightest CFSE peak 
‘only) are shown, Cell size represents forward light 
scatter; granularity represents side light scatter. 
Fluorescence intensity of surface receptor staining 
is listed in fig, $B. (B) Cells were analyzed as in (A), 
with antibodies to detect intracellular IFN-y or 
Granzyme B. (C) IL-7Rc mRNA was measured by 
means of real-time reverse transcription-polymerase 
‘chain reaction from sorted proximal and distal 
‘daughters. (D) Sorted proximal and distal daugh- 
ters were transferred into new naive recipients. 
Untransferred control and recipient mice were 
challenged with L. monocytogenes either immedi- 
ately (Acute) or 30 days (Delayed) after transfer. 
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Four days after infection, quantitative bacterial burdens in spleens were determined. Mean bacterial burden of recipient mice (left to right, n = 3, 4, 4, 4) 
‘expressed as a percentage relative to the burden of untransferred control mice, All groups were significantly protected relative to untransferred controls (P = 
(0,006). After delayed challenge, distal daughters afforded significantly better protection than proximal daughters (*P = 0.03). 


daughters of naive T cells are actu 
ed to become specialized subsets other 
lector andl memory cells, moreover, ean- 
not be excluded at this time: 

Although the progeny of a newly activated 
CDR’ Teall may be capable of dividing and dit 
ferentiating without further exposure to antigen 
(32, 33), it has boen suggested that efficient 
CD4* T cell responses may require continued 
‘exposure to antigen by the initial daughter cells 
(12, 34), raising the possibility that more than 
‘one round of asymmetric division 
Reiterative rounds of asymmetry during the ini- 
ial clonal expansion ofa CDH" Tell might, thus, 
facilitate the diversification of effector choices 
[T helper coll 1 (Tal), Th, anal Tyt7} in ade 
ition to, or instead of, simply generating effector 
and memory progeny. In this way, the spectrum 
‘of CDI" T cell effector fates, which arise only 
after cell division (35), might all be represented 
the initial clonal burst. Thereafter, only the most 
useful of the diverse progeny might undenso 
further selection, on the basis of the type of 
pathogen encountered. Indeed, the determinants 
that are seyregated in the initial CDS" T cell di- 
Vision are also presumptive regulators of CDS” 
Tul-Tu2 lineage choice (/5, 26, 26-39). With 
ever-improving methodology for in vivo imag- 
ny an! Hineage tracing. it may soon be posible 
to construct a detailed fate map of single T cell 
clonal burst during varity of immune chal 
lenges. For now, however, the role of asymmetric 
cell division in diversifying CD4" T cell fate 
remains to be formally evaluated. 

Although information from the environment 
essential in choice of cell fite, the facubative 
milieu of a migrating cell has often made it df= 
ficult to identify the most critical signals. I is 
tempting to speculate that the prolonged interlude 
\with the antigen-presenting cell, which seemingly 
coordinates the asymmetry of T cell division, 


might be mimored in the behavior of other di- 
viding lymphocytes and in the interactions of 
metastatic cancer cells with the cellular or extra 
cellular components of their provisional niche. 
There remain numerous avenues to formally test 
the prevalence and importance of asymmetnc cell 
division in adaptive immunity and in mammalian 
opment and homeostasis. Extensions of the 
framework presented here might, ths, expand 
the principe of asymmetric cell division to 
Various stages of B and T lymphocyte immunity, 
‘or provide insight into the elusive circumstances 
preceding asymmetric division of hematopoietic 
and neoplastic stem cells (40, 47). 
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Enhanced Bonding of Gold 
Nanoparticles on Oxidized Ti0,(110) 


D. Matthey, J. G. Wang, S. Wendt, J. Mathiesen, R. Schaub, 
E, Lagsgaard, B, Hammer, F. Besenbacher* 


We studied the nucleation of gold clusters on Ti0,(110) surfaces in three different oxidation states 
by high-resolution scanning tunneling microscopy. The three TiO2(110) supports chosen were 
(reduced (having bridging oxygen vacancies), (i) hydrated (having bridging hydroxyl groups), 
and (iii) oxidized (having oxygen adatoms). At room temperature, gold nanoclusters nucleate 
homogeneously on the terraces of the reduced and oxidized supports, whereas on the hydrated 
Ti02(110) surface, clusters form preferentially at the step edges. From interplay with density 
functional theory calculations, we identified two different gold-Ti0,(110) adhesion mechanisms for 
the reduced and oxidized supports. The adhesion of gold clusters is strongest ont 

support, and the implications of this finding for catalytic applications are discussed. 


e oxidized 


The Ti0,(110) surface consists of 


ows of fivefold-coordinated Ti (SET) atoms 


world: 


oxygen (Ope) atoms, The Ti atoms underneath 


the Ope atoms are sixfold coordinated as any 


other Ti atom in stoichiometric rutile, An Ar 
sputtered and vacuum-annealed Ti0,(110) crys 
tal is an n-ype semiconductor, and its surface 


Oe Vacancies (5), The STM 


1¢ THO4(110) surface are dominated 


spond to the Ti troughs), whereas geometrically 
protruding Ope atoms appear dark (5), Accord: 
ingly, the faint spots that connect the bright Ti 
troughs arise fromm Oye vacancies (Fig. 1A) (24). 

Starting with a clean, reduced Ti02(110) 

Ti03(110)] surface, we prepared two further 
well-defined T0110) surfaces under ultrahigh 
scum conditions (24, 25). First, we produced 
a hydrated THOM 110) [/-Ti04(110)] surface with 
H adatoms, capping some of the Oy atoms by 


Suis The dat of Oa ghd aston mise reduced hydrated oxidized 


tially affects the catalytic activity, and 


clusters must be smaller than Snimy for high 
catalytic activity to oceur (6-8). The choice of 
the oxide support influences the catalytic ac 
livity, so there is a strong “support effect” i 
addition to the “size effect” (2, 4, 9) and re 
ducible oxides are advantageous as compared 
to nonredueible ones (9 70). However, the 
relation of the adhesion properties of nano 
sized gokt with catalytic activity is still unre 
solved, A number of studies (mainly catalysis 
work done on high area support materials) 
have reported that slightly oxidized gok! (Au), 
in addition 10 metallic gold (Au®), is important 
to achieve high activity of dispersed Au cat 
alysts (2. 4 11-16), bn parallel, several surface 
science studics of model systems favored a 
interpretation where oxygen vacancies have 
been invoked as being responsible for the sta 
bilization and activity of Au clusters on the sup 
port (7-20). 

We studied the fundamental mechanisms of 


metal oxide support adhesion by means of 
janet 


al theory (DFT) calculations. We 


sity. funet 


microscopy (STM) and de 


compare the nucleation of Au clusters on 
support material tha J in 
ferent oxidation states. We chose rutile TiO,{110) 


ad been prepared 


as the model support because numerous studies 
exist onthe AwTiO; model system, and AwTiOy 

Fig. 1.5 
is a good catalyst for CO oxidation at low i 


Symbols indicate Oy, vacancies (square), H adatoms or 


IM images of r- (AY, fr (B), and o- (€) Ti0,(110) surfaces before Au exposure (130 x 130 A), 
1 Oy sites thexagon), and Og atoms in the Ti troughs 


(Gircle) Insets (30 > 30 A) show the point defects of interest enlarged. For the detailed preparation recipes, 


see (25). (D tol) STN 
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ges after 3% ML Au exposure at RT [ 
corresponding to AuQAD]. Image sizes are 130 x 130 A* [(D) to (F)] and 350 x 350 A? [(G) to (0 
respectively. In (D) to (PL the heights of the Au clusters are given by contour tines at 1.2, 3.2, and 5.2 A 
above the terrace. Directions are as indicated in (G), and tunnel parameters (tunneting current 

2V) are identical throughout the paper 


Lis defined as 1,387 x 10° atoms per cm* 


0.1 nA, 


ns between the Ti rows than those associated 
With the Oye vacancies (24, 26). Second, we 
prepared an oxidized TiO%(110) [o-TiO3(110)] 
surface by letting O2 dissociate in Oye yacancies 
(24, 27), resulting in-an o-TiO(110) surface 
characterized by perfict Oye rows and by a 
number of O adatoms (O4) located in the Th 
troughs (Fig. 1C), These Oy atoms show up in 
the STM images as protrusions distributed alons 
the Ti troughs and are located on top of SETA 
26) 


sites (2 


Au/h-TiO,(110) 


Au/r-TiO2(110) 


ry 


Au/o-TiO,(110) 


Density (104 nm?) 


After exposing these three different THO 110) 
surfices to Au [3% of a monolayer (ML)] at 
room temperature (RT), we observed quite 
different Au cluster morphologies. In case of 
the -TiOs(110) surface, numerous rather small 
Au clusters are distributed homogencously on 
the terraces (Fig. 1, D and G), In contrast on the 
h-TOX10) surface, we found fury lange Au 
clusters that preferentially decorate the step 
edges of the substrate, and no small Au clusters 
fon the terraces ane seen (Fig, E and I). 


3 ML AubTOYN10) at 57°C 
I ML AWMTIO{110) at AT 


3 3% M_Avo-T104110) at AT 
1 afer fash 068°C 


Fig. 2. (A) STM image of the h-Ti0,(110) surface after 3% ML Au exposure at 57°C (350 x 350 A), and 
(B) Au height histograms corresponding to Aulh-Ti0,(110) surfaces for substrate temperatures of —57°C 
(hatched red bars) and RT (blue bas) The histograms rely on scanned areas of ~10* nm each (1000 Au 
clusters per histogram). A threshold of 1.2 A above the terrace was chosen to ensure that exclusively Au 
clusters are considered for the histograms. (C) STM image of the Au/-Ti03(110) surface (350 x 350 A) 
Prepared by 3% ML Au deposition at RT followed by heating up to 68°C. (D) Au height histograms 
Corresponding to Aur-Ti0,(110) before (hatched red bars) and after (blue bars) heating of the sample. In 
(0), the peak indicated by “a” corresponds to Au trapped in Oy, vacancies. The arrow inthe inset indicates 
large Au clusters that ae a result of sintering. (E and F) Like (O) and (D) but forthe Auwo-Ti0,(110) surface. 
In (the peak indicated by “a” corresponds to Au clusters of one layer height. No sintering was observed. 
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However, on the o-Ti03(110) surface, we again 
found Au clusters 10 nucleate homogencously 
oon the terraces (Fig. 1. F and D, 

The absence of homogencously distributed 
small Au nanoclusters on the /-TIOX(110) sur- 
face implies that monomeric Au (Avy and small 
Au nanoclusters diffuse wadily at RT on this 
surface. This finding is in agreement with pre- 
Vious RT-STM studies addressing AwTiO3(110) 
(7.17. 28, 29), where sintering of incoming, Au 
hhas been reported, In the present work, we found 
homogeneously distributed small Au clusters 
also on the terraces of the /-TiO3(110) surface 
when we cooled the substrate down to ~$7°C 
before exposure (Fig. 2, A and B), According to 
these results, we infer that the interaction be 
tween Au clusters and the /-TiO3(110) surf 
fairly weak (30). On the contrary, both for the 
1-THOX(110) surface (With Oye Vacancies) and 
the oTiO4(110) surface (with Og atoms), the 
results presented in Fig. | imply that, on these 
two TIO 110) surfaces, stronger AU-TiO; ine 
teractions occur than on the /-TiO3(110) surface. 

Given the stronger interactions with the r= 
and the o-Ti04(110) surfaces, we explored the 
effect of heating on the Au cluster morphologies 
con these two TiO: surfaces (Fig, 2, C to F), 
‘Stating points in these experiments were r= and 
o-TiOx(110) surfaces that we exposed to 3% 
ML Au at RT (Fig. 1, D and G and Fig, 1, F 
and I, respectively). After subsequent heating of 
the samples to 68°C, Au sintering is clearly 
evident for Au’r-THO3(110) (Fig. 2C) but not for 
Awio-TiO(110) (Fig. 26). The diferent stabil 
ities of the Au clusters against sintering on the 
two TiOx(110) surfaces considered are even 
more obvious when looking at the comespand- 
ing Au height histograms (Fig. 2, D and F). For 
reference, we also show the height histograms 
sibtained on the Au exposed surfaces before 
heating (hatched red bars). After the heating of 
the Aur-TOX110) surfice (blue bars in Fig 
2D), the sharp feature at Au cluster heights of 1.8 
10 2.6 A (labeled “a”) is almost three times fess 
intense than before. Because the “a” peak come- 
sponds 10 Au, trapped in Oye vacancies (see 
below), this result indicates that about two-thirds 
of the Auy clusters have coalesced with other 
Au clusters. The sintering of Auy/Auy clusters 
on the 7-TIOX(110) surface leads to the formation 
of large Auy clusters with STM heights up to 10 
A (Fig, 2D, inset), Nothing in the STM data 
points to the occurrence of a ripening mecha- 
nism, Instead, our data are consistent with eo- 
alescence of Auy clusters as the prevailing 
sintering mechanism. 

On the 0-TiO,(110) surface, the Au height 
histograms (Fig. 2F) show pronounced peaks 
of identical intensities at STM heights. be- 
tween 1.2 and 3.4 A (labeled “a”) both before 
and after beating of the sample. The charac- 
teristic “a” peak found for the Aw/o-TiO3(110) 
surface is less intense but broader than the nar= 
row ct peak typical for Auy on the -TiOX110) 
surface. This result can be explained by the 
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existence of many stable Auy cluster config- 
trations on the 0-TiO2(110) surface, whereas 
‘only few stable Au, cluster configurations 
seem to exist on the r-TiO3(110) surface. The 
cclear dependence of the Au height distribution 
‘on Ti0,(110) as opposed to the invariance of 
the distribution on o-TiO3(110) upon heating 
to 68°C reveals that the Au, clusters bind more 
strongly to the O-rich oxide support 

To rationalize the obtained Au cluster dis- 
tributions after Au exposure at RT, we com- 
pared the diffusion of Au on the thnoe different 
TiOx(110) surfaces of interest by means of DFT 
calculations (37). In some distance of the point 
defects, all three surfaces can be considered as 
being stoichiometric [s-TiO,(110)). In this ease, 
the diffasion barriers are found to be very low 
Cie Au readily diffuses at RT). Diffusion of 
Au on Ti0,(110) is possible not only in the 
1001) dlitwetion but also in the ITO} direction 
(Fig. 3A), Previous DFT calelations likewise 
indicate facile diffusion of small Au particles on 
stoichiometric oxide surfices (20, 

For the /-TiO,(110) surfice, we reached 
identical conclusions because the diffusion bar- 
riers are almost unchanged! (Fig, 38), However, 
the Au monomers can be trappeal at point de 
foets on the terraces of the = and o-TiOx(110) 
surfaces (right side of Fig. 3, C and D, reypec- 
tively), In these eases, the barriers are high 
‘enough to prevent diffusion events at RT. These 
calculations are fully in line with our STM ob- 
servations of homogencously distributed small Au 
nanoclusters exclusively on the mand a=THO3(110) 
surfaces and sintering of Au clusters on the 


Fig. 3. Potential eneray profiles for Aus cluster 
diffusion on s- (A), h-(B),r-(©), ando-(D)Ti04(210). 
The minima at which Aus is trapped at the point 
defects on r- and 0-Ti03(110) are indicated (ar- 
rows; vac. means vacancy). On s- and o-TiO3(110), 
‘Aus diffuses along the Oye rows, whereas, on hand 
1-Ti02(110), Aus diffuses along the Ti troughs. 


‘h-TiO3(110) surface after Au exposure at RT 
(Fig. 1, 

In Fig. 4. we compare the energetically most 
favorable Au structures found in DFT calcula- 
tions with the high-resolution STM images of 
‘most abundant small Au, clusters. On -THO110), 
the smallest Auselated protrusions (Fig. 4D)arise 
from Auy in Oye vacancies, because the density of 
these smallest protrusions increases upon Au ex- 
posure at the expense of the density of the faint 
[protrusions arising trom Oyy vacancies (J7, 28). 
“The second smallest protrusions found (Fig. 4, 
E and F) originate from linear Aw trimers 
(Aus). This assignment relics on the following: 
(i) Au dimers (Aug) are calculated to adhere 
less strongly t0 the support than Aug clusters 
(Table 1), and (ii) DFT calculations of two Aus 
‘configurations, cither symmetrically (Fig. 4B) 
‘or asymmetrically (Fig. 4C) attached t0 the Ope 
reproduce the two mast abun- 


Fig. 4. (Top) Most favorable structures 
found in DFT calculations for Aus trapped 
in an Oy vacancy (AD, Aus symmetrically 
attached on an Oy, vacancy (B), and non- 
symmetrically attached Aus (©) (D to F) 
Zoom-in STM images (40 x 40 A*) 
showing Au, clusters that are ascribed to 
the calculated Au, cluster configurations. 
Corresponding line profiles to these mea- 
surements are shown in fi. $1. (Bottom) 
Most favorable structures found in DFT 
‘calculations for Au (G), Aug (H), and Auy 
(W on 0-7103(110), (J to L) Zoomin STH 
images (40 x 40 A) of Auy clusters at- 
tached in the vicinity of O, atoms that 
are tentatively assigned to the calculated 
‘Auy cluster configurations. 


dant protrusions in this size range revealed in the 
‘STM measurements, 
On the 0-TOX110) surfie, we observed a 
different distribution of protrusions of Ati clis- 
g.4.J to L), where some of the smallest 
Au topographies are depicted. Because the Oot 
atoms serve as nucleation sites for incoming Au 
(Fig. 3D), the O,¢ atoms are probably incorporated 
into the Au, clusters, A one-to-one assignment of | 
measured protrusions to certain Atiy-O,y clusters is 
‘ot trivial, but the distinct height distribution of | 
the Auelusters on the 0-TiO(110) surface allows 
us to distinguish between Au, clusters consisting 
‘of one, two, or even three Au layers (fig, 
The DFT results of a more complete 
for stable Au clusters with 1S Sand n = 7 on 
the three TiO4(110) surfaces of interest are sum- 
marized in Table 1. As reference, we also con- 
sidered +TiO3(110), although this surfice was 
‘ot studied experimentally, The most stable con= 


-Ti0,(110) Au, (n= 1, =3) 


Table 1. DFT-based APES in eV (per Au, cluster) of the most stable Au, clusters with 1< n< 5 andn=7 
‘on r, hr 5+, and 0-TiO,(110) surfaces, respectively. Some of these numbers are plotted in Fig. SE (see also 


figs. $3 to S7). 

Gold cluster -7i0,(110) f-Ti0,(210) 5-T10,(110) o-Ti0,(110) 
fu —4 ~054 “061 

Ruz 071 0.05 0.10 

Aus aa 126 136 

Aug 057 0.64 097 

Aus 031 104 -132 

uy 052 ~0.87 118 
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figurations on s-TiOx(110) are two-dimensional 
(2D) structures that are attached via the Oke 
fom and thus are aligned in the [001] direction. 
As reported previously, these structures adhere 
‘only weakly (35). On the /-TiOx(110) surface, we 
found even smaller adhesion potential energies 
(APES) for the most stable configurations. In 
‘contrast, on the r-TiO3(110) surface, Au and Aus 
bind relatively strongly in Oye vacancies, whereas 
Au, Auy (Au tetramers), Aus (Au pentamers), 
sand Auy (Au septamers) bind very weakly. For the 
‘o-TIO,(110) surface, we found extraordinarily 
strong bonding of all Au, clusters considered 

According to the DET results addressing r= 
and 0-Ti0(110), the energy for Au, cluster de- 
tachment from the detects on the r-TiOx(110) 
surfices decreases rapidly with cluster size but 
not on the o-TiOA 110) surface, where the d= 
tachment energy remains high. This means that, 
for a given Au dispersion, a higher persistence 
‘against sintering upon heating is likely t0 exist 
‘on the 0-Ti03(110) surfiee as compare tothe sit- 
uation on the -TIO,(110) surface. Thus, the DET 
results presented in Table 1 comoborate the STM 
firings shown in Fig. 2, C 10, 


Fig. 5. (A) Charge density difer- 
‘ence map of an Aus cluster attached 
to an Oyy vacancy. Yellow spheres 
‘and dashed cirles mark positions of 
‘AW atoms, Blue and ted isosuraces 
indicate depletion and addition, 
respectively, of 0.05 &” per A®. (© 
Charge density difference map of 
‘Au attached on 0-Ti0,(110). Iso- 
surfaces are defined as in (A). (B 
and D) Electron charge density 
difference (5p) forthe same systems 
a in A and (0, respectively, but 
integrated over the x and y 
dimensions of the super cell. The 2 
positions of O and Au atoms are 
‘given with respect to the 5f-Ti atoms 
(z= 0), whereby the label "2 x Au” 
is used to indicate the 2 postions of 
the two Au atoms that have identical 
Z values in the {Wo Aup clusters 
‘considered. (E) Plot ofthe calculated 
APES for the mast stable small Ady 
clusters (n= 1 to 4) as a function of 
the "Ti02(110) oxidation state” 
(compate with Table 2). 


A 


‘To sain insight into why the Aug clusters bind 
much more strongly on the 0-THO3(110) surfice 
than on the 7-TWO.(110) surface, we companad 
electron charge density differmnoe maps for 1Wo 
selected Aug clusters (Fig. $, A and C), For the 
P-TIOAI0) surface, we chose an Aus cluster 
symmetrically attached in an Oye vacancy, be- 
‘cause we observed this cluster with the STM 
(Fig. 4E), Analyzing the bonding qualitatively 
in thre dimensions (Fig SA), we found tha 
electron change accumulates (red isosurfaces) 
between the Au atoms and the substrate 
upon adsomption, indicating the formation of co- 
valent bonds. A more quantitative analysis, where 
we only considered the charge redistribution 
perpendicular to the support, shows that the Au 
‘atoms primarily experience charge polarization 
upon adsomption (Fig. 5B), 

On the o-TOX110) surface, we staid the 


‘extraordinarily stable Auy cluster in the vicinity of 


an Oj atom. In this case, charge redistribution is 
seen alonig the Au-O bond axes (Fig. SC), indi- 
cating that the Au-O bonds contribute 10 the 
attachment of the Auy cluster. The quantitative 
analysis (Fig. SD) reveals that electron charge has 


FT, ATO, STI, oT, 


reduced ———» oxidized 
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indeed been transferred to the surface O ator 
whereby the Aug cluster has become cationic. 
‘This means that the bonding of Aug on the 
o-TiO (110) surface is partially ionic. 


Contribution of ionic bonding in the ease of 


Aug on 0-Ti03(110) is consistent with the cal 
culated atomic Au 5d populations upon adsorp- 
tion of Auy and Aug on the r= and 0-TiO,(110) 
surfaces, respectively. As compared to Aus and 
‘Aug in the gas phase, the total Sd population is 
reduced by 0.24 and 0.56 &° for Auy/TIOg(110) 
and Aug/o-TiO3(110), respectively (36). The 
larger reduction of the Sd populations. for 
Aug/0-TiO3(110) can be traced back mainly to 
the single Au atom that binds directly 0 the Ox 
atom, because this Au atom contributes 0.22 of 
the 0.56 € 

The different bond mechanisms of the con- 
sidered Au clusters ( Fig. S, A to D) reflect that 
the reduced r= and /-TiO4 110) surfaces: are 
tectron rich (fomially having two and one ex 
cess electrons per Oye vacancy and! Fhe spe 
cies, respectively), whereas the 0Ti03(110) 
surface is electron deficient (formally missing 
two electrons per Oj atom), As a function of the 
surface oxidation state, the Auy-TiO3(110) 
adhesion is nonmonotonic for n= 1, 2, and 3 
‘with the lowest adhesion strengths on the and 
§-TiO.{110) surfaces (Fix. SE), For these small 
Aus clusters, the adhesion strength increases on 
PTO 110}, because the covalent bonds. be- 
tween Ti and Au form more readily when not all 
fof the Ti atoms are in thei fully oxidized state, 
However, an adhesion mechanism  involvitye 
cationic Au occurs when the surfiee is oNidized 
[o-TiO110)), which leads to a much stronger 
Auy-suppot bonding than that on the -TIO3(110) 
surface 

In fight of the presented experimental and 
computational results, we doubt that O vacancies 
fon oxide surfices are relevant at all for the 
sabilization of dispersed Au particles under real 
reaction conditions with usually high oxygen 
pressures. Instead, our results suggest that, even 
‘under slightly oxidizing conditions as used here, 
the Au particles are stabilized via Au-O-M 
bonds (where M represents a metal atom of the 
supporting oxide). This interpretation is in fine 
‘with recent reports on cationic Au species for Au 
supported on magnesia (17), ceria (J, 15), and 
iton oxide (14), 

In all of the model studies addressing Au 
supported on titania where the catalytic activity 
cof the systems considered was shown, very high 
oxygen exposures had been useal 10 prepare of 
to “activate” the catalysts (7, 8, 18, 23), This 
observation isan additional reason why we 
question previously proposed stucture models, 
including our own (/7, 35), where it was im- 
plied that in © vacancies attached Au clusters 
cause the catalytic activity in “reat” catalysts 
ie, at high pressure) We propose that Au 
particles dispersed on reducible oxides are better 
catalysts than those supported on noneducible 
‘ones, because reducible oxides are more capable 
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of forming O-rich Au-support interfaces. Note 
that O-rich surface terminations have been iden- 
tied not only for titania (24, 37) but also for 
several other reducible oxides, including vana- 
dium and iron oxide (38), 

‘A much stronger Au oxide-support adhesion 
exists on O-rich Au-support interfaces than on 
(O-poor oxide-support surfaces. For catalytic ap- 
plications, this result suggests the occurence of 
cationic gold at the Au-support interface asa gen- 
‘ral feature, For the 7-Ti04(110) surface, we found 
that Oe vacancies allow for the stabilization of 
{gold monomers and gold trimers, but kinger gold 
‘clusters cannot be sufficiently stabilized. We em- 
Phasize that our approach of studying the oxide 
support in a range of oxidation states is appli- 
cable to numerous other model systems, 
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An Atomic Seesaw Switch Formed 
by Tilted Asymmetric Sn-Ge Dimers on 


a Ge (001) Surface 


K. Tomatsu,? K. Nakatsuji,? T. timori,” Y. Takagi,” H. Kusuhara,” A. I 


i F. Komori 


‘When tin (Sn) atoms are deposited on a clean germanium (Ge) (001) surface at room temperature, 
buckled dimers originating from the Sn atoms are formed at the Ge-dimer position. We identified 
the dimer as a heterogeneous Sn-Ge dimer by reversing its buckling orientation with a scanning 
tunneling microscope (STM) at 80 kelvin. An atomic seesaw switch was formed for one-dimensional 
‘electronic conduction in the Ge dimer—row direction by using the STA to reversibly flip the buckling 
orientation of the Sn-Ge dimer and to set up standing-wave states. 


jonsiderable effirt has been devote to 
( the switching of electronic conduction 

through the movement of atoms. Atomic 
sivitches have been formed between two elec 
trodes (such as a metal tip and a metal surface) 
by controlling the surface migration of atoms or 
the formation and annihilation of an atomic bride 


“insite for Solid State Physes. Univesity of Toyo, 5-1-5 
Kashinanoha, Kashinasti, Qba 277-8581, Japan. "RIKEN 
Harima Insitute at Spring’, 1-1 Koto, Milankcha, 
Sayo-gun, Hyogo 679-5146, Japan. “Department of Apbed 
Mathematics and Physics, Totor Univesity, 4-101 Minami, 
Koyama, Tottori 680- 8552, Japan. 


(5), A molecular conformation change has 
‘been proposed to create another type of nanoscale 
switch (a molecular switch) (6-17), However, the 
dinvet observation of different conducting path- 
ways with atomic resolution has been difficult 10 
achieve. One difficulty in correlating changes in 
atomic positions with changes in conductivity is 
that in most ofthe systems that have been studied, 
the conducting pathway is perpendicular wo the 
direction that can be imaged with scanning probe 
methods, or the switching between conducting 
and nonconducting configurations is not revers- 
ible. We now report the observation of switching 


between conducting and nonconducting states of 
‘one-<imensional (1D) rows of dimers on a semie 
conducting Ge (001) surface on which a sparse 
coverage of Sn atoms hal been deposited. These 
adatoms incorporate into the dimer rows: to 
create buckled SiGe dimers that can adopt two 
different configurations that can be switched r= 
versibly with a scanning tunneling microscope 
(STM) tip. We find that one of these configura- 
tions maintains the conductive fhve-clectron state, 
‘whereas the other reflects the conduction elec 
trons and sets up a standing-wave state. 

On a clean Ge (001) surface, (Wo atoms 
form a dimer with multiple bonds of and 6 
conjugations, The dimer tilts (buckles) from the 
szurfice plane, and the bonding x and antibond- 
ing x* states localize on the upper and lower 
atoms of the dimer, respectively (J2), The Ge 
dimers align in the [110] direction, forming a 
dimer row. The neighboring dimers in the same 
dimer row are buckled in the opposite con- 
figuration, and the x* electron behaves like a 
1D five electron along the dimer row (/3). It 
‘was recently shown that the buckling orientation 
of the Ge dimer can be reversibly controlled by 
a surface bias voltage of the STM (/4). This 
conformation change is induced by inelastic 
scattering of injected carriers from the STM tip 
to the surface under the electric field, as a result 
of the bias voliage. 
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Wher 


‘onto the Ge (001) sus 
ature (RT), 


the Ge dit 
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bias vol 


v 
ie Hy 


(001) surfiac 


models comesponding to the recta 
surrounded by solid lines in Fig. 1A. Ther 
‘ovo stable superstructures on the clean € 
ried by whether the buckling 
orientation of the neighboring dimer rows is out 
Of oF in phase: a e(4x2) domain for out-0 
orientations and a (X22) domain for in-phase 


surface char 


04V 


we deposited submonolay 
ages [<0.4 monolayer (ML) (/5)] of Sn atoms 
¢ above room temper 
buckled dimer (X dimer), in which 
the electronic states were diffe 
es, Was observed at the substrate 
dimer positions in STM measurements at RT 
(16, 17). Successive filled-state images (surface 
id tunnel 
T= 1,0 nA) of the Sn-teposited (<0.05 ML) Ge 
80 K are shown in Fig. | 
(18), and Fig. 1, D to F, shows the structural 


orientations (/2, 4). In Fig. 1 


dimer rows buekle into the e(4y: 
cept for one X dimer, which a 
than the other Ge di 


the 
served 3 
ceated by 1 

The e(4x2) 
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pulse bias voltage I, 
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dotted circk, 
nil (2x2) domains on the clean 
Ge (O01) surfice can be reversibly exchanged 
by STM below 80 K (/4, When we applied a 
0.7 V from 
the buckling orientation of 


the dimers in the dimer row ju 


pen Wa 
gating in the din 


We scanned over this surfice at Hy 
p2x2) domain in the scanned area was erase, 
and the e(42) domain reappeared. When the 
06V 
fuce superstructure remained the same, 

Afler observing the surface shown in Fig. 1A, 
\Wwe applied a pulse voltage of 0.8 V for'S00 ms, 
\with the tip height fixed at the position indicated 
by the white cross in Fig. 1B, The feedback loop 


bias voltage wa 


reversed, and a p(2x2) domain clon- 
cr-row direction appeared. When 


ofthe STM control was cut at 


LO nA to fix the tip height. A p(2x2) dom 
e buckling ori 


xd by reversing t 


Fig. 2. (A and B) 
Empty: and filled-state 
images of the U dimer 
and [(€) and (D)] those 
of the L dimer. (€ and 
F) Structural models of 
the U and L dimers. 
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Fig. 1. (A to © Suc 
cessive filed-state im- 
ages of a Sn-deposited 
Ge (001) surface ac- 
‘quired at 80 K (Vy 
~0.4V, = 1.0 nA) and 
[(D) to (F)] the structur- 
al models correspond- 
ing to the rectangular © 
area in (A). The dotted 

cles indicate the post 
tions of the X dimer 
Between (A) and (8), we 
applied a pulse voltage 
of +0.8 V for 500 ms, 
with the tip height 
fixed at the position 
indicated by the white 
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t under the tip 
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the dimers in the dimer rows including the X 
dimer, as shown in Fig. 1B. At this sta 
the sam 


n. This process also 
ation of the X 
dimer back 10 the original position, and its 
height resumed, as shown in F 
se, we found that the X din 
were imaged higher than the Ge dimer in the 
Ppa 

the Ge 
the domain 
structure was changed to e(4x2). Thus, the sur 
face superstructure does not govern the appar 


These results give critical information 0 
the composition of the X dimer. If the X dimer 

is a chemically symmetric dimer, such as asi 
it should be imaged in the same 
mation 


xdme = 
10} 


e 
gz 


0 (nm) 


0.06 


0.04 


0.02 


0 (nm) 


the 
as that of 
in Fig. 1B. 
\we subsequently scanned all ofthe imaged area 
1.0 nA three times, 

which retumed the created p(2x2) domain 


IC. On 
crs localize) 


(4x2) 


Structural mode! 


EPO 


&. we can identify the X dimer as a 
ically asymmetric dimer, a Sn-Ge dimer. 
Here we define the dimer imaged higher than 
the Ge dimer in the filled-state image as a U 
dimer, and that imaged like the Ge dimer as an 
L dimer 

In onder to determine which atom of the 
‘Sn-Ge dimers is at the upper- or loweratom po- 
sition, we measured the bias-voltage dependence 
of these dimers. Inthe filled-state images (Fig, 2, 
A and C), the upper atoms (where the x states 
imaged as protrusions, and in the 


ses (Fig. 2, B and D), the lower 


was imaged higher 
both flled-and empty-state images(Fig. 2, A and 
B), whereas the L dimer was imaged similarly 
to the Ge dimer in the filled-state image and 

her than the Ge dimer in the empty-state 


n at RT, most of the X dimers exhibit the 
ie bias-voltage dependence as that of the L 
dimer (/6, 17). Thus, the U dimer is mon 

ble than the L dimer 


Pl2x2) (4x2) 


a 


Qpuise voltage ot +08V @scanat-1.2V 


‘cross in (B). Between (B) and (C), we scanned the imaged area at Vy = ~1.2 Vand / = 1.0 nA. The 
blue spheres in the structural models represent the X dimers. 
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We next examined the energies of these two 
kinds of Sn-Ge dimers, on the basis of density 
fimetional calculations (17), The Sn-Ge dimer 
\With a Sn atom at the upper-atom position (Fig, 
2E) was found to be 0.06 eV more stable than 
that with a Sn atom at the Joweratom position 
(Fig, 2F), We also calculated the energy of the 
Ge dimer with a Sn atom in the second layer 
‘This dimer was 0,12 eV less stable than was the 
SmGee dimer with a Sn atom at the upper-atom 
position This result rules out the possible 
substitution of Sn atoms into the second layer. 
Hence, the U and L dimers refer to the position 
fof the Sn atom (Fig. 2, E and F. 

On the clean Ge (O01) su ID five 
lection systems in the dimerrow direction is 
formed by the empty x* electrons, 
dimer row can be regarded as an atomic wi 
‘onder 10 investigate the conduction of the 1D 
electronic: state, we observed standing waves 
‘caused by the reflection at the Sn-Ge dimers in 
ifterential (UZAY) images. The did signal is 
proportional to the local density of sites at a 
nengy level that comesponds to the bias 


c (Fig. 3A) and dlidV’ (Fig. 3B) 
same dimer row in the p(2x2) 
in with the L dimer reveal an eketronic 
standing wave (/9). Its wavelength inereased as 
the bias voltage decreased, and we confirmed 
that the band dispersion agrees well with that of 
the x* band on the clean Ge (001) surface (/3), 


Fig. 3. (A and B) 
Empty-state and div 
images Vp = +0.7 V, 
1 = 10 nA) of a dimer 
row including the L dk 
mer and (©) and (D)] 
those including the U 
dimer in the p(2x2) do- 
main (29), (E) Line pro- 
files along the dimer row 
including the L or U di 
mer in the dlidV images. 
The dotted circles in the 
‘empty-tate images indi- 
cate the L- and Udimer 
positions. 


Fig. 4. Schematics of propagation 
of the 1* electrons around (A) the 
Land (B) the U dimers. The red 
and blue atoms represent Ge and 
Sn atoms, respectively, and the 
yellow curve shows a conduction 
pathway for the x* electron, The 
x electrons are reflected at the L 
dimer because the Sn atom is 
located on their pathway. In con- 
trast, most of the x” electrons pass 
‘through the U dimer because the 
lower atoms are always Ge atoms 
throughout the dimer row. 
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Thus, the x* electrons were reflected at the L 
dimer. In contrast, empty-state (Fig. 3C) and 
d1d¥ (Fig. 3D) images of the same dimer row 
with the U dimer, acquired under the same 
condition as the L dimer, did not reveal the 
Presence of any standing waves at the bias 
Voltage we used (I, = 04 to 1.2 V). This means 
that most of the x* electrons passed through the 
U dimer without reflection. The lange differen 
in the reflection probability between the U and 
L dimers (Fig. 3E) also appeared in the e(4x2) 
domi. 

‘These phenomena can be qualitatively ut 
derstood by structural and electronic differences 
between the U and L dimers (Fig. 4), On the 
clean Ge (001) surface, the x* band exhibiting 
five-ckeetron character is mainly composed of 
the atomic orbitals of the lowerdimer atoms 
(12, 13), In other words, the x* elections prop- 
agate along the dimer row through the lower 
atom side. The L dimer in the dimer row has a 
Sn atom at the lower-atom position (Fig. 2F) 
that is the Sn atom is located on the x* electron 
path. The x* electrons propagating along the 
dimer row meet the Sn atom at the L dimer, 
which can reflect the x* electrons. However, 
the U dimer in the dimer row has a Sn atom at 

1¢ upperatom position (Fig. 2E), and the 
lower atoms are always Ge atoms throughout 
the dimer row. Thus, the x* electrons can be 
jered weakly by the U dimer. The 
vever, should 


be perturbed by those of the Sn atom because 
the Ge lower atom chemically bonds with the 
‘Sn upper atom. The negligible reflection can 
be attributed to the weak antibonding interac~ 
tion of x conjugation, 

The U and L dimers can be reversibly ex- 
changed by STM, and such exchange does: not 
‘occur when the bias voltage is -0.6 V < Ii, 
10.7 V (Fig, 1), The results in Fig, 3 show that 
an atomic switch can be formed for 1D elec- 
‘monic conduction on the dimer row, Unlike con- 
ventional atomic switches (/-5), this atomic 
switch is not accompanied by the mass trans- 
port of atoms, but uses reversible conformation 
hange—that is, reversals of the dimer-buckling 
orientation of a chemically asymmetric dimer. In 
this sense, we can regard this switch as an atomic 
seesaw switch, as illustrated in the insets of Fig 4 
and in movie SI (17), 
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Magnifying Superlens in the Visible 


Frequency Range 


Igor |. Smolyaninov,* Yu-Ju Hung, Christopher C. Davis 


‘We demonstrate a magnifying superlens that can be integrated into a conventional far-field 
‘optical microscope. Our design is based on a multilayer photonic metamaterial consisting 
of alternating layers of positive and negative refractive index, as originally proposed by 
Narimanov and Engheta. We achieved a resolution on the order of 70 nanometers. The use 
‘of such @ magnifying superlens should find numerous applications in imaging. 


ptical microscopy is an invaluable 
al entities. Imaging tools with ever 
increasing spatial resolution are required iF the 
‘current rate of progress in nanotechnology and 
Inicrobiology isto continue. However, the spatial 
resolution of conventional microscopy is limited 
by the difliaction of fight waves to a value on the 
‘onder of 200 nim, Thus, viruses, proteins, DNA. 
miolgeules, and many other samples are impos 
sible to visualize with a regular microscope. One 
sugyested w ome this limitation is 
based on the eon 
relies on the use 
that have negative refactive index in the visible 
frequency range. Near-field superlens imaging 
‘was recently demonstrated (2, 3), but the tech- 
nique is limited by the fact thatthe magnification 
‘of the planar superkens is equal to 1. Thus a thin 
planar supertens cannot be integrated into a 
‘conventional optical microscope to image objects 
smaller than the diftraction limit 
ibe the realization of a magnify- 
ing superlens (Fig. 1A) and demonstrate its 
integration into a regular farticld optical mi- 
eroscope, Our design is based on the theo- 
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Fig. 1. (W) Schematic of the 
magnifying superlens integrated 
into a conventional microscope. 
The plasmons generated by the 
phase-matching structure ilumi- 
rate the sample positioned near 
the center of the supelens. The 
lateral distance between the im 
‘ages produced by the alternating 
layers of materials wth positive 
and negative refractive index 
‘rows with distance along the 
radius. The magnified images 
ate viewed by 2 regular micro- 
scope. (B) Real and imaginary 
parts of the surface plasmon 


aver mination 
477 


retical proposals of an “optical hyperlens” (4) 
and “metamaterial crystal lens” (5) and on 
the recently developed plasmon-assisted m 
erescopy technique (6), and in particular on 
the unusual optics of surfice plasmon po 
itons (SPs). The properties of these two- 
dimensional optical modes and_ convenient 
ways to excite them are described in detail in 
(7), The wave vector of the SPPs is defined by 
the expression 


oe) 


Where eq(6) and ego) are the frequency 
dependent dielectric constants of the metal and 
the dielectric, respectively, and e is the speed of 
light. Above the resonant frequency w described 
by the condition 


Em(o) = yl 


the SPP group and phase velocities may have 
‘opposite signs (Fig. 1B). The intemal structure 
‘of the magnifying supertens (Fig. 2A) consists 
‘of concentric rings of poly(methyl methacrylate) 
(PMMA) deposited on a gold film surfiee. For 
the SPP dispersion law for the gold-vacuum and 
1gold-PMMA interfaces (Fig. 1B) in the frequen- 
ey range marked by the box, PMMA has neg- 
ative reffactive index ny < 0 as perceived by 
plasmons (the group velocity is oppesite to the 


‘wave vector kat the gold-PMMA and gold-vacuum interfaces as a function of frequency. Inthe frequency 
range marked by the box, PMMA has negative refractive index as perceived by plasmons, whereas the 
‘gold-vacuum interface looks like a medium with positive refractive index. 


ow) 


REPORTS. [ 


phase velocity). The width of the PMMA rings 
ddeischosen so that ny) = -rgds, where dy isthe 
width of the gokl-vacuum portions of the 
interface. Although the imaging action of our 
Jens is based on the original planar superlens 
idea. its magnification depends on the fict that 
all the rays in the superens tend to propagate in 
the radial direction when my ~ nly (Fig. 1A), 
This behavior was observed in the experiment 
‘upon illumination of the lens with 4 = 495 nm 


laser light (bottom portion of Fig. 2B) for which 
yy ~ fds. The narrow beam visible in the 
image is produced by repeating selimaging of 


the focal point by the altemating layers of mate- 
rials with positive and negative retractive index. 
On the other hand, if $1S-nm fight is used, the 
Jens becomes uncompensated and the optical 
ficld distribution inside the lens reproduces the 
field distribution in the normal “plasmonic lens 
as described in (8) (top portion of Fig. 2B), How= 
vet in the complete theoretical description of 
the magnifying superlens, the ray optics picture 
presented in Fig, 1A may need to b 
‘mented by the anisotropic effective medium the 
‘ony presented in (4, 5) 

‘The magnifying action of the superlens is 
demonstrated in Figs, 3 and 4, Rows o! 
three PMMA dots were produced near the inner 
ring of the superlens (Fig. 3, B and C), These 
ows of PMMA dots had 0.5-jm periodicity in 
the radial direction, so that phase matching 
between the incident laser light and surface 
pplasmons could be achieved (Fig. 1A). Upon 
iMlumination with an extemal laser, the three 
ows of PMMA dots in Fig 3B gave rise to three 
radial divengent plasmon ” whieh are 
clearly visible in the plasmon image in Fig. 3D 
obtained with a conventional optical micto- 
scope, The cross-sectional analysis ofthis image 
across the plasmon “rays” (Fig, 3F) indicates 
resolution oF at east 70 nm, or -W/7. The lateral 
separation between these nays increased by a 
factor of 10 as the rays reached the outer rim of 
the supertens. This inerease allowel visualiza- 
tion of the triplet by conventional microscopy. In 


‘geld PMA, 


ewe ys a0 a5 ae as ao as oO oS 


ke(ev) 
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Fig. 2. (A) AFM image of the magnifying 
superlens made of PMMA rings on the gold 
film surface. (B) Optical field distribution in the 
magnifying superlens illuminated by external 
laser in the frequency ranges where nd, + 
‘nad (top) and nydy = ~Mad> (bottom). 


PMMA 


Ave rise to two plasmon 


8 similar fashion, the two raklial rows ¢ 


lots shown in Fig, 3€ 
rays, which are visualized in Fig 


4 is a supempo- 
py (AFM) 
and the corresponding 


The composite image in F 
sition of the atomic force microse 


image tom Fig. 3A 


optical image obtained by conventional optical 


microscopy. It illustrates the imaging mec 


nism of the magnifying superlens: The pas. 


of plasmon rays through the concentric al 


layers of materials with positive and 


tema 


ed by arrows at 


separation of the thee rays (m 


lower right), Near the edge 


the superlens, the 


separation is large enough to be resolved with a 
conventional optical microscope, thus demon 
strating @ magnifying superlens in the visible 


The theoretical resolution of such a micr 
). It 
the potential to become an invaluable 


scope may reach the nanometer seale (I 
thus by 
tool 


ical imaging, where 
far-field optical imaging of individual viruses 
and DNA molecules may beco 


allows very simple, fast, robust, and 


medical an 


ne a reality. It 


forward image acquisition. 


23 MARCH 


Fig. 3. AFM images (A 
to © and conventional 
optical. microscopy im- 
ages (D and ©) of the 
resolution test samples 
composed of three (A 
and B) and two (C) ra 
dial rows of PMMA dots 
(marked by arrows) po 
sitioned near the center 
of the magnifying su 
perlens. The convention 
al microscopy images 
presented in (D) and (E) 
correspond to the sam 
ples shown in (B) and 
(O), respectively. The 
rows of PMMA dots give 
rise to either three or 
two divergent plasmon 
“rays” (marked by ar 
rows), which are visi 

in the conventional op 
tical microscopy images 
(F) The cross section of 
the optical image along 
the line shown in (D) 
indicates resolution of at 
least 70 nm or ~ 1/7. 2 
optical signal X, distance. 


A 


i i 
magnifying superlens. Near the edge 


of the supertens, the separation of three rays (marked by arrows) is large enough to be resolved 
using a conventional optical microscope. (B) The cross section of the optical image along the line 


shown in (A) indicates the three rays. 


We expect that unusual optical metamaterials 


principle of our magnify 


(ct; + da) and the dy {dz ratio (Fig. 2A) are easy 


fractive index of the multilayer material may 


be varied continu ative to 


Thus, 
ated in the visible 


pho 


positive y 


frequency range, such as the recently sug. 


sted (9, 10) and demonstrated (1) “invisibil 


ity cloak 
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Coupled Thermal and Hydrological 
Evolution of Tropical Africa over 
the Last Deglaciation 


Johan W. H. Weijers,** Enno SchefuB,?t Stefan Schouten,” Jaap S. Sinninghe Damsté* 


‘We analyzed the distribution of branched tetraether membrane lipids derived from soil bacteria in 
‘a marine sediment record that was recovered close to the Congo River outflow, and the results 
‘enabled us to reconstruct large-scale continental temperature changes in tropical Africa that span 
the past 25,000 years, Tropical African temperatures gradually increased from ~21° to 25°C 
‘over the last deglaciation, which is a larger warming than estimated for the tropical Atlantic Ocean. 
‘A direct comparison with sea-surface temperature estimates from the same core revealed that 
the land-sea temperature difference was, through the thermal pressure gradient, an important 


control on central African precipitation pattems. 


ontinental climate change during the bast 
( deglaciation, especially in the topics, is 

‘OL as well understood as it is for the 
‘oceans (/-3). For Alica, a consensus is emery: 
past changes in humidity and their causes 
based on ake Fevel and pollen studies as well as 
the deuterium content of plant waves (4-6), but 
Temperature records for such tropical continental 
is remain searve and incomplete. In contrast to 
the marine environment, few quantitative temper- 
ature proxies exist for the terrestrial environment, 
andl continuous fong-tenn climate archives on hand 
are limited. For instance, pollen-based vegetation 
studies, 2 widely used method for environmental 
reconstructions on tand (5), are complicated in the 
tropics because the eflects of changes in tem 
perature are dificult to distinguish from those of 
changes in precipitation, Temperature estimates, 
based on another method, stable oxygen isotope 
contents of carbonates and silicates, are widely 
Incustrine sediments and speleothems. 
stimates are appropri- 
-Fesolution quafitative paleoclimate 
reconstructions (7, 8}, quantification of climate 
change in tems of paleotemperatures. requires 
tenuous assumptions about the past changes in 
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‘rameters that have influenced the source-water 
composition. The scant pakcotemperature data 
available for the African continent imply a tem 
perature dif erence of ~3.5° to 6°C between the 
Last Glacial Maximum (LGM) and the present 
day (2, 5.9, 10), but these data often represent a 
relatively local signal or are incomplete records. 
Thus, knowledge on African tropical temper- 
‘ature change over the last deglaciation is rather 
Timited, especially for the vast tropical rainforest 
area of the Congo Basin. Continuous, high reso- 
lution, long-term records of continental-seale tem- 
‘perature change are much needed to improve this 
knowledge and enable proper comparison with 
rooonds of marine temperature changes. 


1s 


re 


To gain better insight into the central Aftican 
temperature development over the last deghi- 
iation, its relation to global limatic changes, 


and its effect on the continental hydrological 


eyele, we used the Methylation index of 
Branched Tetrathers (MBT) and Cyclization 
ratio of Branched Tetracthers (CBT) based on 
vl glycerol tetracthers 
(GDGT5) (/1) present in a marine core recovered 
lose to the Congo River outtlow (GeoB 6518-1, 
O8°35.9S, 11°13.¥E, water depth of 962 m, Fig. 1). 
Using the MBT and the CBT, we reconstructed 
the annual mean air temperature (MAT) of the 
Congo River basin (/2) which could be com 
pared with the sea surface temperature (SST) 
record obtained from the same core (Fig. 2) 
Branched GDGTs (fig, S1) are abundant core 
membrane lipids derived from bacteria. that 
thrive in soils (17, 13, 14). As the soil erodes, 
the GDGTs are fluvially transported to the 
‘ocean, Indeed, they have been shown to be an 
excellent tracer of the fate of soil organic mat- 
ter in the Congo deep-sea fan (73) and the Bay 
of Biscay (/5) (fig. $2). The large catchment 


area of the Congo River (3.7 = 10® km?) ex- 
tends from about 6°N to 13°S and from about 
13° w 33°E in central Aftica (Fig, 1A), with ele 


vations between 300 and 1200 m except tor 
‘one small part, located at its eastern boundary, 
that rises above 2000 m (/6). The temperature 
estimates obtained from our marine core, there= 
fore, represent a catchment-integrated termes- 
trial temperature signal derived from land of 
low to intermediate elevation. Analysis of the 


1s 


Fig. 1. Overview maps of Africa. The position of core GeoB 6518, recovered close to the Congo 
River outflow from a water depth of 962 m, and the extent of the Congo River drainage basin 
(white outline) are plotted (A) on 2 digital elevation map of Africa [picture from NASA Jet 
Propulsion Laboratory, California Institute of Technology] and (B) on a map showing the annual 
MAT distribution in Africa [available in the database in (30)). 
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Fig. 2. Temperature changes over the past 25,000 years in tropical central Africa compared with 
‘African humidity changes and Arctic and Antarctic climate signals. (A) The Greenland Ice Sheet 
Project 2 (GISP2) 50 record indicative of Greenland air-temperature fluctuations (32). SMOW, 
standard mean ocean water. (B) The EPICA Dome C SD record indicative of Antarctic air- 
temperature changes (20). (C) The annual MAT record of the Congo Basin based on the MBT index 
and CBT ratio of the branched GDGT lipids of soil bacteria in core GeoB 6518-1. (D) The SST 
‘changes in the equatorial Atlantic Ocean based on alkenone paleothermometry at site GeoB 6518-1 (6). 
(E) A record of the average soil pH in the Congo Basin based on the CBT ratio of branched GDGT 
lipids of soil bacteria in core GeoB 6518-1. (F) The 8D record of Cag n-alkane plant waxes in core 
GeoB 6518-1 reflecting humidity changes in tropical central Africa (6), (G) The land-sea temperature 
‘gradient between central tropical Africa and the tropical Atlantic Ocean based on records (C) and 
(0). Black triangles on the age scale indicate the "*C accelerator mass spectrometry radiocarbon 
dates derived from mixed planktonic foraminifera used for establishing the chronology of core GeoB 
6518-1 (6). YD, Younger Diyas; ACR, Antarctic Cold Reversal 


stable carbon isotopic content (34°C) of plant- 
‘wax salkanes has shown that the Congo River 
mainly drained rainforest-vegetated areas over 
the past 20,000 years (6). 

The main advantages of our record com 
pared with previous climate records are its rel 
atively high temporal resolution (200 yeats), 
continuous nature, and lange geographical cov 
rage (i¢., central tropical Africa). The nature of | 
‘our data allowed us to gain detailed insight ino 
the general development of topical Affican 
temperature over the last deglaciation, The an- 
‘nual MAT record of the Congo Basin reveals an 
overall wamning sinee the LGM [24,000 to 
18,000 calibrated years before present (-24 10 
18 cal ky BP) of ° to 45°C (Fig, 2C). This is 
consistent with seant data on paleotemperatures 
fig a few other locations in tropical Afiiea 
outside the Congo Basin, Pollen-hased_tem- 
pemture reconstructions suggest an LGM that 
hhad been 4 to 4.5°C cooler than today that is, 

4°C cooler in the Burundi highlands (5) and 
~4.5°C cooler in the southem Lake Tanganyika 
‘asin (/7), Funhermore, LGM temperatures that 
were ~3.5°C lower than today have been 1 
ponted based on TEXy» (tetrcther index of 
fetracthers consisting of 86 carbon atoms) lake 
surfice temperature reconstructions for northe 
Lake Malawi (70), Larger differences betwes 
LGM and presenttay temperatures have be 
reported based on analyses of stalagmite stable 
isotopes and groundwater noble pases, Such 
analyses indicated that temperauunss were ~S.7°C 
cooler in a South Affican speleothem (/8) and 
$* 10 6°C cooler in_ groundwater aquifers. in 
‘Namibia and South A fea (9, 79), but these data 
were derived from sites. substantially farther 
south of the equatorial Congo Basin. Our record 
indicates that deglacial warming has been of 
similar magnitude for the whole of tropical 
Aca, frm the western and central lowlands 10 
the eastem hightands. 

The onset of postglacial warning in our 
record at about 17 cal ky B.P. (Fig, 2C) is in fine 
with the Southem Hemispheric climate devel- 
‘opment, with the European Project for fee 
Coring in Antarctica (EPICA) Dome © Deute- 
rium record showing the onset of warming. at 
about 17.5 cal ky B.P. (20) (Fig. 2B) and about 
17 cal ky BLP. in a stalagmite 8'*O record from 
‘South Africa (/8), Recent work bused on "Be 
exposure dating of moraines (3) has shown that 
in the midtlatiudes of both hemispheres, the 
cnset of the last deglaciation was near synehmo- 
‘ous at about 17.2 cal ky BPs a similar timing 
of 17.3 cal ky B.P. was inferred for the onset of 
the last deglaciation in the South Americ 
topics of Peru and Bolivia, Our tropical temper 
ature record shows that the postulacial warming 
in tropical central Africa started at the same time, 
after a short cooling episode between 18 and 
17 cal ky BP. providing strong evidence for a 
lobully synchronous onset of the last deglaciation. 

With values of 20.5° to 21°C, temperatures 
‘were rather constant during the LGM, The rate 
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fof subsequent deglocial wamiing was highest 
between 17 and 13.5 cal ky BP. and between 
11S and 9 cal ky BP, with an average warming 
of ~0.7C ky”. During the intervening period 
fiom 13.5 to 11.5 cal ky BP, temperatures 
Imained relatively stable at about 22.5°C and 
were, notably, not influenced by the Antarctic 
Cold Reversal in the Southern Hemisphere or 
by the Younger Dryas cold episode in the 
Norhem Hemisphere, From 910 $5 eal ky BP, 
temperatures only rose slowly by ~0.3°C ky”. 
reaching maximum values of 25°C. During the 
second part of the Holocene, temperatures 
od about 25°C, except forthe kist 0.7 ky 
when the temperature decreased slightly again 
by 0.5° to 1°C. The 24.5°C reconstructed from 
the core-top sediment is similar to the present- 
day annual MAT of the Congo River basin, 
about 23.7°C, based on weather station data (27) 
(Fig. 1B). 

Our recont aly enables a more detailed 
compatison of tropical continental temperature 
change with global climate development and 
sT reconls, in particular from the tropical 
Atlantic Ocean, SST reconstructions based on 
alkenione paleothermometry indicate ~1,7°C 
lower SSTS for the Indian Ocean and -2.7%C 
lower SSTs for the tropical Atlantic Ocean 
during the LGM relative to Holocene temper- 
atures (22), This agrees well with the =2.5°C 
alkenone-based LGM-Holocene SST range at 
this site (Fig. 2D), representative forthe eastem 
tropical Atlantic Ocean (6). Thus, compared 
With the ocean, the revonstructed. continental 
doglcial waming of 4° to 45°C is considera 
bly stronger. This difference between continental 
sand oceanic deglacial warming in the tapi is 
in agreement with climate model studies, which 
suggest that the average continental dewlacial 
warming in the tropics was about 1.5 times 
stronger than the dewlacial warming of the trop 
ical oceans (23, 24), This amplified continental 
‘warming may have been because the continents 
cool more during ghicial times. At high and 
mid-tatitudes. the presence of a changed and 
fon reduced vegetation cover during glicials 
results, through inereased albedo, in enhanced 
cooling of the land surface. However, in tropical 
areas, this effect is counteracted by a negative 
feedback from reduced evaporation, which r= 
sults from decreased tropical rainforest area. The 
reduced evaporation leads toa decreased loss of 
Jatent heat and thus relatively warmer surface 
temperatures, AS a result, vegetation changes in 
tropical Affica are thought to result eventually in 
4 negligible temperature efleet (25). Amore 

ly explanation for the enhanced wlacial cool 
of the continental tropics may thus: be an 
increased pole-to-cquator temperature gradient, 
resulting in a strengthened and enlarged Hadley 
Cell circulation (26) and, consequently, an in- 
crease in relatively cool air that Nows from 
higher toward lower latitudes. 

Because central Affica seasonally receives 
airflow from both the Northem Hemi 


when the Interropical Convergence Zone (ITCZ) 
is in its souhemmost position, and the Souther 
Hemisphere, when the ITCZ. is in its northem- 
‘most position (4). its temperature evolution is 
likely related to climate changes in both hemi- 
spheres. This coupling to both hemispheres 
supports the idea that the onset of the dezlacial 
warming in our record at about 17 cal ky BP. is 
«global in character. It also might explain the Lack 
Of clear temperature signals related to the Ant- 
arctic Cold Reversal and the Younger Dryas, 
Which were asynchronous deglacial cold events 
in the Southem and Norther hemispheres, 
respectively (27), Compensation of these cooling 
events by wanner air from the opposite hemi- 
sphere in the tropical alm apparently resulted 
in the observed period of relatively stable annual 
MAT over equatorial tropical Africa from 13.510 
11S cal ky BP. 

Notably, the difference in deglacial warming 
between the continent and the ocean should 
have had an impact on continental hydrology 
through the land-sea thermal gradient. Present- 
day African rainfall variability és in targe part 
associated with SST distibutions in the South 
Atlantic Ocean in that the thermal pressure 
‘gradient differs between the African continent 
and the ocean surface (2%). A lange negative 
land-sea temperature gradient—that is, relatively 
warm sca and cool continent—will result in a 
generally off-land air flow, preventing moist air 
from the ocean from flowing onto the continent, 
An advantage of reconstructing continental Affi- 
‘can temperatures from a: marine core is the pos 
sibility of comparing the results with SSTs 
derived from the same core (6) (Fig. 2Dk we 
Used this comparison to reconstruct the thermal 
gradient between central Affica and the eastem 
‘equatorial Atlantic Ocean over the past 25,000 
Years (STindaes: Fig. 2G), During glacial times, 
the ATindaea Fecord generally shows values of 

1*to °C, which disippear rather quickly after 
the onset of the deghiciation. Negative values 
down to -2°C retum at about 12 cal ky BP, 
coincident with a fast SST increase in the eastem 
equatorial Atlantic Ocean, and gradually disap- 
pear again at the stat of the Holocene. During 
the Holocene, the Iand-sea temperature gra- 
dient was rather stable, with values just greater 
than 0°C. 

The influence of the land-sea thermal gra- 
dient on continental hydrology can be evaluated 
‘by comparison with central African humidity 
changes reflected in the Deuterium content (8D) 
‘of plant-wa n-alkanes from the same record (6) 
and with the soil pH record derived from the 
CBT ratio of the branched GDGT membrane 
lipids (Fig. 2. E and F). Large-scale soil pH 
changes are assumed to reflect changes in pre- 
cipitation intensity given that in the long term, 
soibeaching processes result in cither stronger 
or weaker soil acidification as precipitation 
increases or docreases, respectively (29) Indeed, 
the large negative values in the ATiundaca vont 
correspond to relatively dry periods reflected in 
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the 6D recon! and relatively high soil pH values 
(Fig. 2, E to G). Smaller negative or even posi- 
tive values indicating weak off-land or even on- 
land air flow, correspond to wetter conditions 
and lower soil pl values. Thus, the land-sea 
thermal gradient apparently exerts a strong 
control on central African precipitation patterns, 
The discrepancy between the ATindaca Fecord 
and the humidity records during the second part 
fof the Holocene might be due to a very weak 
land-sea temperature gradient in this time in- 
terval that allowed other forcing mechanisms to 
become predominant 

It has been suggested that the meridional 
twopical-subtropical SST gradient in the South 
Atlantic Ocean exerts a strong control on central 
African precipitation changes (6), This mecha- 
nism works in the same direction as the land-sea 
thermal gradient: A relatively warm tropical 
‘ocean will result in stronger meridional winds as 
‘well as offtand winds, both preventing moist ait 
fiom Nowing fiom the oecans onto the conti- 
nent. Before the Holocene, the land-ca thermal 
gradient was large and apparently exerted a domi- 
‘ant control, whereas during the Holocene, when 
the land-sca thermal gradient remained weak, the 
meridional SST yradient increased and became 
dominant in controlling precipitation in central 
‘mopical Affica, thereby causing increasingly dry 
conitions (6). Hence, the combined evolution of 
and temperature and SST in dlferent parts ofthe 
Ailantic Ocean controlled precipitation patterns in 
cent Affica during the past 25,000 years 
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A Vestige of Earth’s Oldest Ophiolite 


Harald Furnes, * Maarten de Wit? Hubert Staudigel,* 


‘Minik Rosing,® Karlis Muehlenbachs® 


‘A sheeted-dike complex within the ~3.8-billion-year-old Isua supracrustal belt (SB) in southwest 
Greenland provides the oldest evidence of oceanic crustal accretion by spreading. The geochemistry of 
the dikes and associated pillow lavas demonstrates an intraoceanic island arc and mid-ocean ridge-tike 
setting, and their oxygen isotopes suggest a hydrothermal ocean-floor-type metamorphism. The pillows 
‘and dikes are associated with gabbroic and ultramafic rocks that together make up an ophiotiic 
association: the Paleoarchean Isua ophiolite complex. These sheeted dikes offer evidence for remnants 
‘of oceanic crust formed by sea-floor spreading of the earliest intact rocks on Earth. 


Phiolites represent sections of oceanic 
O™ that were generated by sea-floor 

ing and later emplaced onto con- 
tinen ns (/), Originally, ophiolites were 
assumed 10 represent oceanic crust formed at 
mid-ocean ridges, but this view has changed 
radically, and it is becoming clear that the m- 
ty of ophiolites are generated in supe 
subduction-zone environments (/). Depending 
‘on their tectonic environment of formation ant 
their structural architecture an! geochemical af 
finities, Phanerozoic ophiolites can be classified 
into different types, but the majority are geneti- 
cally related to subduction environments (7,2). 
complete ophiolite consists of subynarine basaltic 
Voleanic weks (mainly pillow lavas), sheeted 
dikes, « plutonic complex, and upper-mantle 
rocks, However, many ophiolites lack one or 
more of these components (2). In Archean green- 
stone belts, the absence of complete ophiotite 
pscudostratigraphies (in particular, sheeted dikes 
and gabbros) has led many workers 19 conchide 
that ophiolites are not represented in the earliest 
stages of Earth’s history (3-5). The oklest pur= 
ported example is t million-year-old 
Dongwanzi ophiolite complex in the North 
‘China eraton (6), which is a disputed claim (7), 
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thas been suggested that several Archean green 
stone belts host dismembered aphiolites (8, 9) 
Nonetheless, the question of whether Archaean 


‘oceanic crust formed by seafloor spreading was 
related to Phanerozoic-like plate tectonics has so 
far remained conjectural because of the absence 
‘of compelling kinematic evidence to discriminate 
between origins through the horizontal motion of 
plates at divergent plate boundaries or through 
venical motion above mantle plumes, Sheeted 
dikes provide an answer to these questions 
because they form by seafloor spreading and 
aceretion during horizontal movement at diver 
gent plate boundaries, and they are considered to 
be crucial components of ophiolites. Here we 
report the discovery of a sheeted-like complex 
within the Palcoarchean Isua supracrustal belt 
(ISB), This and the associated rocks, together 
\With their compositions, make up a ~3.8-bilion- 
year-old ophiolite, which in tum has strong 


Fig. 1. (A) Location of the ISB in 
southwestern Greenland. The 
black square shows the location 
‘of the area detailed in (8). (B) 
15B and adjacent gneises. (Inset) 
Location of the area detailed in 
(0. (© Simplified geological map 
fof the westem arm of the ISB, 
showing locations (1 to 3) of the 
100% sheeted-dike complex (3: 
latitude 65.05.335°N, longitude 
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50.10.661°W) grading into 
dikes and volcanic rocks 
latitude 65.07.033°N, longitude 
50.09.769°W) and volcanic rocks 
(Q: latitude 65.07.889°N, longitude 
50.09.835°W). The geological 
maps ((B) and (O] are modified 
from (10, 23, 15), 


23 MARCH 2007 VOL315 SCIENCE www.sciencemag.org 


implications about the early tectonic and 
chemical evolution of Earth 

‘The ISB, situated in southwestem Green- 
Jand (Fig. 1), defines an arcuate belt ~35 km 
Jong and 2.5 km thick (Fig. 1B) that contains 
a variety of igncous and sedimentary rocks 
(10, 11). In general, the rocks are strongly de~ 
ind metamomphosed to amphibolite 
facies, and primary features are scarce, The main 
Fithologies of the ISB ane metabasalts (amphib- 
lites), metagabbros and ultramaics associated 
with metapelites, cherts, banded iron forma. 
tions (BIFs), and felsic rocks (17), now pre 
served as enclaves within the sumoundl 
(Ukkatiog and Amitsoq gncises) (F 

Pillow structures and associated hyaloclastites 
are common within the amphibolites (2, 13) 
provide unequivocal evidence of submarine 
lavas, Another major component (~S0%%) af the 
ISB, a unit described as "yarbenschieter.” was 


first considered to be derived from mafic intra 
sions (/0), but has been reinterpreted as a vo 
cano sedimentary sequence containing. gabbro 
sills (11, 13, 14). Ithas been suggested that to- 
gether these assemblages represent occanic-like 
ferust that may have been obducted within an 
accretionary wedge ~3.7 billion yours agi 
result of plate tectonic-fike processes (/2) 

Radiometric dating (U/Pb and PbPb) has 
shown that the ISB formed between ~3800 and 
3700 million. years ago (Ma) (/4). Whole-rock 
‘Sm-Nd isochrons define ages of 3779 = 81 Ma 
from metaseai yarbenschicfer 
(U5) and 377 fom pillow lavas and 
sbbro (6). The latter date is partly based 
‘on samples collected from location 1 of this study 
(Fig, 10) 

‘We examined a number of sections in the east 
‘em part of the Wester ann of the ISB, mapped as 
Variegated schists (/0) and amphibolites (13, 17) 


Fig. 2. (A) Wel-preserved pillow lava exhibiting chilled margins (dark selvages) and pockets of 
interpillow hyaloctastte (IPH). (B) Ocelli-bearing pillows. The pale gray oceli, originally spheres, give a 
‘measure of the deformation that the rocks have suffered. (A) and (B) are from location 1. (C) Dikes with 
intervening layers of volcanic rocks (V). (D) Nearly 100% sheeted dikes with minor amounts of inter- 
dike volcanic material. Dikes can be traced along strike for more than 20 m. The white lens (bottom 
right is a plagiogranite (PG). (O and (D) are from location 2. (E) 100% sheeted-dike complex. The 
weathered-out zones are amphibole schist, originally chilled margins. (F) Two crosscutting layers (just 
below the hammer heae). (E) and (F) are from location 3. [(G) and (H)] Photomicrographs of the central 
part of the dike (G), showing relict subophitic texture (plane-polarized light image), and chilled margin 
of the dike (H), consisting predominantly of fine-grained amphibole (plane light image). 
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within the area around locations 110 3 (Fig, 10), 
Location 1 shows well-reserved metabasitic pil- 
low Lava (Fig 24), in places with smal 
pockets of imtemillow hyaloclastite (F 
Locally, the pillows contain fe (Fig 
2B) and rare amygdlales. The rocks are homoge 
neously deformed and contain a cleavage tha 
subparalle!1o the lithological layering, Deformed 
) indicate deformation 
with 80 t0 0% shortening perpendic 
1c and 200 t0 250% exte 

well-defined lincation plunging 72°S. At location 
2, ~1.$ km south of location 1 (Fig. 1C), the 
© consists of tabular subparallel dikes 
ccentimeter- to decimeterthick 
zones of Jenticularto-imegular screens of vol 
crial (Fig, 2, and D,and fig. $1), and 
[Fig 2D and sup- 

imately 
the mixed 
dike/voleanic sequence changes. structurally 
downward into a sheeted complex consisting of 
007% tabular dikes (Pig. 2E and fig, $2), which, 
to the west is in tectonic with metagabbro 
and ultramafic sheets, ndividus nge in 
\width from 210 50 em, Dikes have both one- and 
(mostly) two ined chilled planar 
snargins (Fig, 2E). Crosscutting dikes ar 
2F), We examined a number of 
sections across a 30-10-SOsm-wide subvertical 
sequence of dikes, which we interpret as pa 
shcteddike complex with an estimated prede- 
formation wid of >200 m. 

Petrographically, the central pants of the dikes 
consist of fine-grained (~300 jum) plagioclase, 
amphibole (predominant), and biotite with reli 
ssibophitic texture (Fig. 2G). The dark green (com 
monly sehistose) manginal zones, inferred 10 rep 
resent chiflad margins (Fig. 2E), consist of dense 
(100 ym) monomineralic zones of amphibole 
(Fig. 21). These chillad margins ofthe dikes are 
textually and mineral arto the mar 
gins of the pillows, 

Matic ncisses interpreted as metagabbros 
‘occuras scattered outcrops within an area of~100 
by 100 m in the southwestem part of the ISB. 
They are terized by 


of pla 
matrix (fig. $3), representing a highly deformed! 
and metamorphosed gabbroic texture. This con 
trasts with most Isua amphibolite, which typical 
ly consist of lithological units <1 m across strike 
(Fig. 2. C and D). Felsic dikes of the Amitsog 
gneisses crosscut the metagabbros and define the 
carly Archean age of the Isua supractust 

The ultramafic wocks (fig. S4), which occur 
mainly along the boundaries ofthe westem bel of 
the ISB, have boon variably transformed to ser- 
pentinites and cale-silicate rocks by metasomatic 
processes (JJ), These layered metvultramatic 
rocks are associated with the shovtad-dike com- 
plex (Fig, 1C) and metagabbro, sometimes with 
tninerupiod transitions from layered ultramafic 
sequence into gabbros (18%). 
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Fig. 3. (A) Ti-V, (B) Zr-ZeY, (C) Ti-Zr, and (D) ¥-Cr discrimination diagrams (1). The geochemical data 
from the central-, outer-, and inner-arc tectonic domains (undifferentiated metabasalts) are from 
(27, 19). The new geochemical data of this study are shown in red. The boninite data are from (21). 
The TWV ratios in (A) are characteristic of the following: 10 to 20, istand arc; 20 to 50, MORB; 20 to 
30, mixed MORB and island arc; and 10 to 50, back-arc basins. Bon, boninites; IAT, island-arc 


tholeiite; and WPB, within-plate basalt. 


‘The geochemistry of pillow lava and dikes 
from locations 1 and 3 (Fig. 1C), as well as that 
‘of the least altered samples of previous statics 
(17, 19), has been plotted in discriminant dia- 
{grams with various combinations of the 

ly immobile elements Ti, V. Cr z 
‘The new geochemical data (tabke 
demonstra intraoeeanie island are and mide 
‘ocean ridge basalt (MORB) affinities (Fig. 3), as 
previously concluded (79). Furthertiore, the sim 
ilorities in the concentrations. of incompatible 
ceements (Ti, V, Zr, and ¥) and thei ratios (Z0°Y) 
strongly suggest that the pillow lavas and the 
dikes are cogenetic, supporting our field obser 
Vations regarding their spatial and temporal 
relationships. It has been demonstrated that 
the metabasalts of the central garbenschiefer 
Unit are geochemically similar to boninites (/7) 
(Fig. 3). The presence of boninites is impor- 
tant in the evaluation of the tectonic environ 
ment, because they are generally associated 
with modem intraoceanic island ares and are 
thought to be related to proto-are and back-are 
spreading (20-22). This magmatic progres- 
sion suggests that ophiolites are geochernically 
heterogeneous and that their tectonic evolution 
may have involved initial sea-Noor spreading, 
followed by subduction initiation and one or 
more episodes of are splitting and basin opening 
(20,20. 


Oxygen isotope data from locations 1 and 3 
(Fig 1C) show that the pillows are more en- 
riched in '*O than the dikes (Table 1 and SOM). 
Although the 6"0 values of the central part of 
the pillows range between 6S and 9.9 (average, 
7.2), the dikes show a narrower range between 
5.7 and 69 (average, 6.3). These rocks do not 
record primary magmatic oxygen isotope values 
‘but may recon! alteration by 0 t0 *2 of the 8% 
value of seawater at a spreading ridge. The pik 
lows are more enriched in "0 because they 
ahered at lower temperatures than did the dikes, 
and oxygen isotope factionation decreases. in 
magnitude with increasing temperature (23). 
Collectively, these data and the relic subophitic 
textures in the sheeted dikes are consistent with 
the scawatertock interaction during occan-floor 
metamorphism that takes place at_modem 
spreading ridges (SOM) and which has been 
documented in most ophiolites of Phanerozoic 
and Proterovoic ages (24, 25). This finding is 
aly consistent with fuidinclusion studies on 
amygdales in the ISB pillow brevcias that 
indicate aeration during early sca-floor-like 
hydrothermal metamomphism (26) 

We provide three robust lines of evidence for 
an Isua ophiolite complex as a vestige of Archean 
supra-subxluction-zone oceanic crust. First. the 
sheeted-dike complex and cogenetic pillow lavas 
represent the upper-crustal section of a dismem- 


Table 1. Summary of 80 results. 


Sample Type 
Pillow core 
Pillow core 
Pillow core 
Pillow core 
Pillow core 
Pillow core 
Pillow core 
Pillow core 
Pillow core 
Pillow core 
2B2A1G-06 Pillow core 
BAZAIG-06 Pillow core 
5B11G-06 Pillow core 
SCAG-06 Pillow core 
6816-06 Pillow core 
746-06 Dike 
816-06 Dike 
9416-06 Dike 
16A1G-06 Dike 
16C-1G-06 Dike 
16EG-06 Dike 
1666-06 Dike 
T7ANG-06 Dike 
17B4G-06 Dike 
ee 50M, 


bered ophiolite, The sheeted-dike complex 
provides compelling structural evidence of hori- 
zonal extension by dike injection at a spreading 
ridge (SOM), Second, we ryject the scenario of 
dike injection above a plume head in a non-plate 
tectonic environment, given the oceanic island 
ae and MORB geochemical characteristics. of 
the pillow lavas and dikes reported here, together 
with the data from (9), Further, the boninitie 
alfinity of the central garbenschieker (17) is sim 
ilar to that of Phanerozoic supra-subduction-zone 
ophiolites with a protracted tectonomagmatic 
evolution history (20, 22). Third, the oxygen iso- 
ope compositions of the pillow lavas and dikes 
and their petrographic textures. are compatible 
‘with sex-floor hydrothermal metamorphism at a 
spreading ridge. Although the strin history of 
these rocks is not yet sufficiently well known 
to permit a detailed reconstruction of the Ista 
ophiolite complex, we contend that the ISB 
preserves vestiges of Earth's oldest ophiolite and 
‘oceanic crust. This implies that sea-floor spread- 
ing and subduction processes of Phanerazoic-like 
plate tectonics were operating ~3,8 billion years 
age, as proposed by Komiya et al. (12). 
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Bottom-Up Determination of Air-Sea 
Momentum Exchange Under a 
Major Tropical Cyclone 


Ewa Jarosz," Douglas A. Mitchell,t David W. Wang, William J. Teague 


‘As a result of increasing frequency and intensity of tropical cyclones, an accurate forecasting of 
cyclone evolution and acean response is becoming even more important to reduce threats to lives, 
and property in coastal regions. To improve predictions, accurate evaluation of the air-sea 
‘momentum exchange is required. Using current observations recorded during a major tropical 
cyclone, we have estimated this momentum transfer from the ocean side of the air-sea 

interface, and we discuss it in terms of the drag coefficient. For winds between 20 and 48 meters 
per second, this coefficient initially increases and peaks at winds of about 32 meters per 


second before decreasing 


he air-sea momentum exchange under a 
| topical eyelone determines the oseantic 
response to its winds, An accurate estima 
tion of the exchange hence is required for 
correctly forecasting storm track and intensi- 
ty, as well as for accurately predicting stonn 
surges, ocean currents, and waves, and for 
making hurricane risk assessments, particularly 
heeause the frequency and intensity of tropical 
cyclones are reportedly increasing (/). Con- 
ventional methods of determining the air-sea 
momentum transfer are from the atmospheric 
side of the interface and are based on mea 
surements of wind profiles near the ocean sur- 
face or of wind turbulence (2), These methods, 
however, cannot work reliably for the extreme 
high-wind conditions of a major tropical ey- 
clone, because wind measurements near the 
‘ocean interface are inevitably contaminated 
from intense breaking-wave activities and sea 
spray (3). 
Most available fiekt 1 
tress are for wind speeds rangin 


casurements of Sur 
from4 to 
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20 ms". The techniques employed estimate the 
nerface momentum exchange asa Wind SIC, 
given by 


% = PaCo\W) (1) 
Where Par is the air density, Cp is the drag 
coefficient, and |W) isthe velocity magnitude of 
the wind at a reference height (usually 10 m). 

In open ocean conditions. as the wind 
becomes stronger the range of surface waves, 
Which travel at slower speeds than the wind, 
widens. Accordingly, Cp increases as wind speed 
increases (3). This pattem of variability in Cy 
is commonly used in wave, surge. and circula- 
tion numerical models, which incorporate a 
monotonic inerease of the drag coefficient with 
wind speed even under extreme wind conditions. 
Such an assumption may result in an over: 
‘estimation of the ait-sea momentum transfer and 
lead to unrlistic model pratictions or, peshaps 
even worse, mode! tuning using bad physical 
justifications. 

Recently, limited metcorological observa- 
tions, theory, and experiments (3-8) suggest a 
reduction in the drag coefficient at high wind 
speeds generally greater than 30 ms", Allthese 
efforts to evaluate the air-sea momentum €x- 
change have been made through meteorological 
measurements, or theories and models developed 


forthe atmospheric boundary layer (“top-lown” 
determination), Estimation of this exchange 
can also be done from the other side of the 
interface with full water-column ocean current 
observations, This method directly determines 
the stress at the interfice based on ocean 
currents and provides a very reliable 
accurate direct determination of the a 
momentum transfer under high winds (3). 
However, this type of “bottom-up determina- 
tion imposes the almost impossible require- 
ments of deploying instruments in the ocean 
directly under the highly unpredictable path of 
«1 major tropical eyelone and then having the 
instruments survive the enonnous forves wen- 
erated by the eyelone, 

On 1S September 2004, the center of 
Hurricane Ivan (at category 4 strength) passed 
diroetly over six current and wavettide gauge 
moorings on the outer continental shelf in the 
northeastern Gulf of Mexico (9-12) (Fig. 1). 
The instrumentation survived and. measured 
nearly full ocean current velocity. profi 
directly under the eyctone. The resulting data 
set allows ditect “bottom-up” determination of 
the air-sea momentum exchange unser extreme 
‘wind conditions 

Extreme winds of a tropical eyelone elicit 
fourstage response when passing over ocean 
‘waters (9, 13). The firs three stages make up the 
“forced stage” response, whereas the Fourth stage 
is the “relaxation stage.” Over the open ocean, 
the forced stage response is primarily baroclinic 
(depth-dependent), with a weak barotropic 
(depth-independent) response consisting of a 
trough in sea surfice height and an associated 
geostrophic current that are setup almost 
instantly (/3). Over the continental shelf, how= 
exer, the forced response is quite different (9). I 
consists of a strong barotropic component that 
is not weostrophically balanced and a much 
weaker baroclinic response. This, the directly 
forced response on the continental shelf should 
be well described to the first order by the linear 
time-dependent depth-integrated horizontal mo- 
mentum equations. Scaling analysis of current 
velocity measurements recorded in the northeast- 
‘em Gulf of Mexico (Fig. 1) under Hurricane Ivan 
supports this assumption, expecially forthe along- 
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Fig. 1. Regional map 
and instrument locations. 
Bathymetry (in meters) 
is shown for the north- 
easter Gulf of Mexico. 
‘Acoustic Doppler current 
profiler (ADCP) moorings 
aredenoted by black dots 
(M2 to M6). The yellow 
triangle is Buoy 42040, 
National Data Buoy Cent 
ter, Hurricane Ivan’s path 
indicated by the dashed 
red tne, Two inserts inthe 
expanded map are a 
‘colorized infrared image 
‘of Hurricane Ivan taken 
by the National Oceanic 
and Atmospheric Admin- 
istration’s Geostationary 
Operational Environmen- 
tal Satelite-12 satelite 
(lower right) and a Barny 
mooring containing the 
ADCP current meter (up- 
per right. 


30N-, 


Fig. 2. Drag coefficient 


United States 


for several resistant coel- 
ficients. Co is shown as a 
function ofthe wind speed 
at 10 m (Wag) for several 
different resistance coe 
cients (open black circles 
== 0.001 ms" green 
triangles —r = 0.0505 cm 
57% blue asterisks — r= 
0.1 cms). The solid lines 
Fepresent quadratic curves 
fited to the evaluated Cy 
separately for each r. 


shelf’ momentum [more discussion conceming 
the alongeshelf’ momentum balance is in (/+4)] 
given by 


au 


rl 
W 


tw 


pa 


where p isa reference density (1025 ke m™*), f 
is the Coriolis parameter (0.71 «10% 5}, 
and Vare the depth-integrated along-shelf and 
ccross-shelf velocity components, H is the water 
depth, r is a constant resistance 
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the sea floor, and tj is the alon, 


stress. 
‘The simplified dynamics given by Eg. 2 may 
not hold under all conditions. For instance, in this 


case, the momentum balance breaks down once 
the eye of the storm has passed over the moorings 
and the wind vectors rapidly rotate 180°. When 
this happens, the water column cannot respond 
and change direction as rapidly as the wind, and 
these dynamics no longer hold. Additionally, the 
momentum balance may not hold for a rapidly 
moving tropical cyclone or fora cyclone with an 


‘ 
\ Gulf of Mexico 
a 


path for similar reasons, However, many 
cyclones move slowly and steadily enough 
‘over the shelf for such an approximation 10 
hold 

The air-sea momentum transfer, expressed in 
terns of ty, is estimated from Eq, 2 using our 
fccan current observations, In atmospheric 
studies this exchange is commonly discussed in 
tems of the drag coeffciont (Co), Wind stress 
{Faq} can be albo defined as to = Pa'0|W I 
where W, is the alongashelt wind velocity 
component. Ths, for comparison with other 
studies, we can determine Cy by inserting the 
formula for ty into Eq, 2. 


elt 
Pa Wi 


oy 


Results produced from evaluation of Eq. 3 
are shown in Figs, 2 and 3. The drag. coe! 
cient was derived for several different val 
‘of the resistance coefficient (7) ranging between 
0.001 ems? and 0.1 ems, These values of 
are similar 10 thase used in other studies inves- 
tigating shelf currents (15-18), Figure 2 displays 
cotimates of Co for minimum (0.001 ems, 
mean (0.0503 ems!) and maximum (0,1 ems!) 
values of r used in Eq. 3, whereas Fig. 3 shows 
results for r= 0.02 em § "aha is, the resistanes 
coeificient that was determined fiom observa- 
tions for the northeastem shelf of the Gulf of 
Mexico (/5). The results, especially for the wind 
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Fig. 3. Drag coefficient as, 0 


«a function of wind speed. Co 
‘is shown for an observation- 
based resistance coefficient, 
1 = 0.02 cms. The red 
‘open circles are the eval: 
uated Co from the curent 
‘and wind observations, the 
solid red tine i a fitted 
‘quadratic curve to the Co 
estimates, and the red 
dashed tines are the 95% 
confidence limits for this 
‘quadratic curve. The black 
dotted lines represent the 
window for Cy reported in 
(6), whereas the blue dots 
represent Co reported in (4). 


speeds below 30 m "1, are somewhat noisy as a 
result of measurement uncertainty and the need 
to calculate a velocity derivative, which tends to 
enhance noise, However, they consistently 
show a decreasing trend of Cp for wind speeds 
areater than 32.m s"! the lower threshold for a 
‘category | hurricane on the Saffie-Simpson Seale 
Itisalso apparent that the Czy values are weakly 
dependent on the choice of the resistane 

efficient and are larger for inereasing values 
of r: The di cient estimates evaluated 
for = 0.1 cms" are, on average, 20% greater 
than those ealeulated for r= 0.001 em 5 from 


‘To produce the best representation of Cp for 
each 7, a second-order curve (a funetion of the 
wind speed) was fitted by a least-squares 
technique 10 all estimated values of Cp. The 
‘curves are displayed in Figs. 2and 3. Addition- 
ally, the 95% confidence limits for the fied 
‘curve are shown in Fig. 3, The pattem of the 
relationship between Cp and the wind speed is 
robuis, but the curve coefticients are determined 
by the value chosen for rin Eq, 3. However, all 
‘curves clearly show an initial increase of the daz 
coefficient and monotonic decrease as found by 
recent studies (F-8) after reaching maximum 
value at ~32 m=, Some of these studies (3, 19) 
imply that the decreasing drag at high winds 
seems 1 be related to the spray, foam, and 
bubbles fom breaking waves that reduce the 
drag and allow the hurricane to slip over the sea. 

With the nearly full water-column ocean eur- 
rent measurements, the only unknown term left 
in the simplified equation of motion is the wind 
stress. Thus, the behavior of the drag coeflicient 
(Cp)can casly be estimated fora ringe of strong 
winds. Despite the fact that the drag coefficient is 
evaluated differently here, estimates of Co 
detemined “bottom-up” reasonably replicate 
the values determined “top-down” in rccent 
studies (3-7). Results from our research show 
that Cp peaks ata wind speed near 32 ms! and 
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then steadily decreases as the wind specd 
continues to rise. Our values for Cp are in a 
range of Cp values found using meteorological 
‘observations (4) for wind speeds greater than 
32 ms * but are higher for lower wind speeds, 
These differences may be attributed to uncertain- 
ties in the wind measurements and the applica 
bility of the simplified ocean dynamics at the 
lower wind speeds 
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CRISPR Provides Acquired Resistance 
Against Viruses in Prokaryotes 


Rodolphe Barrangot 
Patrick Boyaval,” Sylv: 


2 Christophe Fremaux? Héléne Deveau,? Melissa Richards,* 
‘Moineau,” Dennis A. Romero,” Philippe Horvath?* 


Clustered regularly interspaced short palindromic repeats (CRISPR) are a distinctive feature of the 
‘genomes of most Bacteria and Archaea and are thought to be involved in resistance to bacteriophages. 
We found that, after viral challenge, bacteria integrated new spacers derived from phage genomic 
sequences. Removal or addition of particular spacers modified the phage-resistance phenotype of the 
cell. Thus, CRISPR, together with associated cas genes, provided resistance against phages, and 
resistance specificity is determined by spacer-phage sequence similarity. 


Acteriophages are anguably the most 
Be ses i 

(1). Their ubiquitous distribution and 
abundance have an important impact on micro- 
bial ecology and the evolution of bacterial 
‘genomes (2). Consequently, bacteria have devel- 
‘oped a variety of natural defense mechanisms 
that tanzet diverse steps of the phage life cycl 
notably blocking adsorption, preventing DNA 


injection, restricting the incoming DNA, and 
abortive infection systems. These antiviral bar- 
riers can also be engineered and manipulated to 
better control phage populations (2, 3). 
Numerous bacteria have been selected by 
humans and used extensively for fermentation 
and biotechnology processes. Unfortunately, do- 
‘mesticated bacteria used in industrial applications 
are ofien susceptible to phage attack, including 
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‘genera and species widely used as dairy cultures 
(A), Accordingly, the industry has devised various 
strategies 10 combat phage based on strain di- 
verity. bacteriophage-insensitive mutants, and 
plasmids bearing phage-resistance mechanisms. 
Streptococcus thermophilus is 3 low 
Gram-positive bacterium and a key species ex- 
ploited in the formulation of dairy culture sys- 
tems for the production of yogurt and cheese. 
Comparative genomics analyses of closely 
related S. thermophilus strains have previously 
revealed that genetic polymomhism primarily 
‘occurs at hypervariable loci, such as the eps and 
{ps operons, as Well as two clustered regularly 
interspaced short palindromic repeats (CRISPR) 
loci (5-7). CRISPR loi typically consist of sev- 
ral noncontiguous direct repeats separated. by 
stretches of variable sequences called spacers and 
are oftentimes agjavent to cus genes (CRISPR- 
associated), Although the fimetion of CRISPR 
loci has not been established biologi: 
silico analyses of the spacers have revealed se- 
‘quence homology with foreign elements, includ 
ing bacteriophage and plasmid sequences (7-9), 
Based exclusively on in silico analyses, several 
hypotheses have been put forward proposing 
roles for CRISPR and cas genes, which include 
providing immunity against foreign genetic eke- 
ina mechanism based on RNA inter 


ference (0). 
‘We analyzed the CRISPR sequences of vari- 


fants (lig. $1). Diflerences in the number and 
type of spacers were observed primarily at the 
CRISPRI locus. Notably, phage sensitivity ap- 
peared wo be correlated with CRISPRI spacer 
‘content. Specifically, spacer content was nearly 
identical between parental. strains. and phage- 
resistant derivatives, except for additional spacers 
present in the latter, These findings therefore 
‘suygest a potential relation between the presence 
‘of additional spacers and the differences ob- 
served in the phage sensitivity of a given strain, 
This observation prompted u te the 
‘origin and function of additio 
in phage-resistant mutants. 
First, we testod the hypothesis that CRISPR 
ered during the natural generation 
‘of phage-resistant mutants. A phage-host mode! 
system Was selected, consisting of a phage 
sensitive wiklype S. shermophilus strain widely 
used in the dairy industry, DGCC7710 [wilt 
type (WT and two distinet but closely related 
Vinulent bacteriophages isolated from industrial 
youurt samples, phage 858 and phage 2972 (/1), 
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Nine phageresistant mutants were generated 
independently by challenging the WT strain with 
phage 858, phage 2972, or simultancously with 
both (/2), and their CRISPR loci were analyzed. 
Diflerences were consistently observed at the 
CRISPRI locus, where I 10 4 additional spacers, 
Were inserted next to the 32 spacers present in 
the WT strain (Fig 1). The addition of new 
spacers in response to phage infection seemed to 
‘be polarized toward one end of the CRISPR I ko- 
‘cus. This s consistent with previous observations 
‘spacer hypervariability at the leader end of 
CRISPR locus in various strains (9, 13). Se- 
quence analysis ofthe additional spacers inserted 


in the CRISPRI locus of the various phage- 
resistant mutants revealed similarity to sequences 
found within the genomes of the phages used in 
the challenge (Fig. 2 and fig. $2), Inerestingly, 
similarities were observed throughout the phage 
genomes, in most functional modules, both on the 
coding and noncoding strands, No particular se- 
quence, gene, oF functional group seemed 10 be 
targeted specifically. These results reveal that, on 
‘becoming resistant to hacteriophages the CRISPRI 
Jocus was modified by the integration of novel 
spacers, apparently derived from phage DNA. 
Surprisingly, we observed that some strains 
‘were resistant 10 both phages, whereas others 


casé_cas7__repsalispacer region ORF 
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Fig. 1. Streptococcus thermophilus CRISPR1 locus overview, newly acquired spacers in phage- 
resistant mutants, and corresponding phage sensitivity. The CRISPR1 locus of DGCC7710 (WT) is at 
the top. The repeat-spacer region of WT is in the middle: repeats (black diamonds), spacers 
(numbered gray boxes), leader (L, white box), and terminal repeat (T, black diamond). (Bottom left) 
The spacer content on the leader side of the locus in phage-resistant mutants is detailed, with 


newly acquired spacers (white boxes, $1 to S14} 


). (Bottom right) The sensitivity of each strain to 


phages 858 and 2972 is represented as a histogram of the efficiency of plaquing (EOP), which is 
the plaque count ratio of a mutant strain to that of the wild-type. 


Fig. 2. S. thermophilus phage genome maps with the position of sequences similar to the acquired 


CCRISPRI spacers of the phage-resistant mutants. 


‘Spacers shown above and below the genome maps 


indicate that the spacer matches a sequence on the (+) and on the (-) strand, respectively. An 
asterisk indicates the existence of a SNP between the spacer sequence and that of the phage 
‘genome (fig. $1). The genome sequences of phage 2972 (accession number AY699705) and phage 


858 are 93% identical. 
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\Were resistant only to the phage used in the chal- 
lenge (Fig. 1). The phage-resistance profile 
seemed correlated to the spacer content, such 
that strains with spacers showing 100% identity 
to sequences conserved in both phages were 
resistant to both phages, such as spacers $3, S6, 
and S7. In contrast, when nucleotide polymor- 
phisms were observed between the spacer and the 
phage sequence [from 1 to 15 single-nucteotide 
olymomphisms (SNPs) over 29 oF 30 nucleo- 
tides}, the spacer did not seem to provide 1e- 
sistance, such as spacers St, $2. S4, SS. and SS 
(Fig. 1 and fig. $2), In addition, when several 
spacers were inserted (S9 to S14), phage re- 
sistance levels were higher, These findings indi- 
‘cate that the CRISPRI locus is subject to dynamic 
and rapid evolutionary changes driven by phage 
exposure. Altogether, these results reveal that 
CCRISPR loci can indeed be altered during the 
_zeneration of phage-resistant mutants and also 
establish a link between CRISPR content and 
Phage sensitivity, These findings sugges that the 
presence of a CRISPR spacer identical to a pag 
sequence provides resistance against phages 
containing this particular sequence. 


cass 


cass 
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To determine whether CRISPR spacer con- 
tent defines phage resistance, we altered the 
CRISPRI locus by adding and deleting spacers 
(22) and tested subsequent strain sensitivity to 
phages. All constructs were generated and inte- 
{grated into the S.dhermophilus chromosome with 
the system developed by Russell and Klaenfiammer 
(14). We removed the spacers and repeats in the 
CRISPRI Iecus of stain WTegsy "and rephcod 
them with a single repeat without any spacer (/2) 
The resulting strain WTagss"*!7ACRISPRI was 
sensitive to phage 888, which indicated that the 
phage resistance of the original phage-resistant 
mutant (WTexse'*"?) was probably linked to 
the presence of $1 and S2 (Fig. 3) 

Further, to address the critical question of 
whether adding spacers provides novel phay 
resistance, we replcod the CRISPRI locus of 
strain WTegayra"™ with a version containing only 
spacers SI and S2 (/2) and tested whether the 
phage sensitivity was affected. Remarkably, the 
resulting strain WTaayn"=pSIS2 gained re- 
sistance to phage SSX, which suggested that 
these two spacers have the ability to provide 
phage resistance de novo (Fig. 3), Altogether, 


Fig. 3. CRISPR spacer engineering, cas gene inactivation, and corresponding phage sensi- 


tivity. |, mutant WT, 
IM, mutant Wasa 
'Y, Wraasre” 


Il, mutant Wag 


Wlsgse’ 


*:p$152, mutant of strain WTazs72"** 
placed with a version containing 51 and S2: V, WTaese"™?™ 
5°**52::pcas7— with cas7 inactivated. pORI indicates the integrated plasmid (12). The phage 


.se”*"*2 ACRISPR1 in which CRISPR1 was deleted; 
jR in which CRISPRI was displaced and replaced with a unique repeat; 


in which ‘CRISPR1 was displaced and re- 
-pcas5— with cas5 inactivated; VI, 


sensitivity of each strain to phages 858 and 2972 is represented at the bottom as a histogram of 


the efficiency of plaquing (EOP). 
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these observed modifications establish the fink 
between the CRISPR spacer content and phage 
resistance. 

In the process of generating strain 
WToasy *"7ACRISPRI, we created 
WTogse **:pR, a variant that contains the inte- 
gation vector with a single repeat inserted be- 
‘seen the cas genes and the native CRISPR I locus 


(Fig. 3), Unexpectedly, strain WTgyss'®™:pR 
‘was sensitive fo phage 858, although spacers 
‘SI and S2 remained on the chromosome (Fig, 3) 


Similarly, the WTeaera"*:pS1S2 construct lost 
the resistance w phage 2972, although spacer 
‘S4 is present in the chromosome (Fig. 3), These 
results indicated that spacers alone did not 
provide resistance, and perhaps, that they have 
to be in a panicular genetic contest to be 
elfective. 

Although initial work suggested involvement 
in DNA repair (/5), the eurrent hypothesis is that 
cas_gones (5, 16) are involved in. CRISPR- 
mediated immunity (1) Consequently, we in: 
activated two cus genes in strain WTagsn 
(12):cas5 (COG3S13) and cas7, which are equiv- 
alent 10. str0657/sull637 and srs 1U0660, 
respectively (6, 7). The cusS inactivation re- 
sulted in loss of the phage resistance (Fig, 3), 
and perhaps CasS aets as a nuclease, because it 
contains an HINH-type nuclease motif, Inc 
trast, inactivating cas? did not alter the resist- 
ance 10 phage 8S8 (Fig. 3). Interestingly, we 
were repeatedly unable to generate CRISPRI 
phage-resistant mutants from the cus? knock 
‘out, perhaps because Cas7 is involved in the 
synthesis and/or insertion of new spacers and 
additional repeats. 

‘When we tested the sensitivity of the phage- 
resistant mutants, we found that plague formation 
was dramatically reduced, but that a relatively 
small population of bacteriophage retained the 
ability to infect the mutants. We further analyzed 
phage variants derived from phage 888 tha 
retained the ability 1 infect WTaasy ®'2. In pare 
ticular, we investigated the sequence of the ge- 
‘nome region comesponding to additional spacers 
SSI and S2 in two virulent phage variants, In both 
cases, the genome sequence of the phage var 
fant had mutated, and two distinct SNPs were 
‘entified in the sequence corresponding. to 
spacer SI (fig. $3), 

Overall, prokaryotes appear to have evolved! 
a nucleic acid-based “immunity” system where- 
bby specificity is dictated by the CRISPR spacer 
content, while the resistance is provided by the 
Cas enzymatic machinery. Additionally. 
ulate that some of the cas genes not directly 
providing resistance are actually involved in the 
insertion of additional CRISPR spacers and re- 
eats, as part of an adaptiv 
Further studies are desired to better characterize 
the mechanism of action and to identify the 
specific fimction of the various cas genes. This 
nucleic acid-based system contrasts with amino 
acid-based counterparts in cukaryotes through 
Which adaptative immunity is not inheritable. 


wuwsciencemagorg SCIENCE VOL31S 23 MARCH 2007 


1711 


| REPORTS 


1712 


The inheritable nature of CRISPR spacers sup- 
ports the use of CRISPR loci as targets for evo 
Jutionary typing, and comparative genomic studies 
(9, 17-19), Because this system is reactive to 
the phage environment, it likely plays a 
nificant role in prokaryotic evolution and ecol- 
‘ogy and provides a historical perspective of 
phage exposure, as well as a predictive tool for 
phage sensitivity. The CRISPR-cas syst 
accordingly be exploited asa virus defense mech- 


biotic resistance genes and virulence markers. 
From a phage evolution perspective, the inte- 
igrated phage sequences within CRISPR loci may 
also provide additional anchor points to facilitate 
recombination during subsequent phage infec: 
tions, thus increasing the gene poo! 10 Which 
phages have access (20), Because CRISPR loci 
are found in the majority of bacteria genera and 
are ubiquitous in Arehica (5, 13, 27), their study 
Will provide new insights into the relation and 
codirected evolution between prokaryotes. and 
their predators, 
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A G Protein—Coupled Receptor Is a 


Plasma Membrane 


Receptor for the 


Plant Hormone Abscisic Acid 


Xigang Liu,’ Yanting Yue,? Bin Li,? Yanli Nie,* Wei Li,” Wei-Hua Wu,” Ligeng Mat?* 


The plant hormone abscisic acid (ABA) regulates many physiological and developmental processes 
in plants. The mechanism of ABA perception at the cell surface is not understood. Here, we 
Teport that a G protein-coupled receptor genetically and physically interacts with the G protein 
«subunit GPAL to mediate all known ABA responses in Arabidopsis. Overexpressing this receptor 
results in an ABA-hypersensitive phenotype. This receptor binds ABA with high affinity at 
physiological concentration with expected kinetics and stereospecifcity. The binding of ABA to the 


receptor leads to the dissociation of the receptor-GPA1 complex in yeast. 


‘Our results demonstrate 


that this G protein-coupled receptor is a plasma membrane ABA receptor. 


bscisie acid (ABA) is an important 
hormone that mediates many aspects of 
ant growth and development. particu 


larly in response to the environmental stresses 
(3), Several components involved in the ABA 
signaling pathway have been identified (4), Two 
recent reports have shown that the nuclear RNA 
binding protein flowering time control protein 
(FCA) (5) and the chloroplast protein Mg 
cchelatase 1 subunit (6) are ABA receptors (6) 
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In contrast, several earlier experiments had sug- 
‘gested that extracellular perception is critical for 
ABA to achieve its functions (7-9), Thus. other 
ABA receptors, especially plasma membrane: 
localized receptors, may be the major players for 
perceiving extracellular ABA and mediating the 
classic ABA signaling responses. 
Ligand-mediated signaling through G protein 
coupled receptors (GPCRs) is a conserved 
mechanism for the extracellular signal percep 
tion at the plasma membrane in cukaryotic 
organisms (/0). The GPCR-mediated signal 
pathway plays a central role in vital processes 
such as vision, taste, and olfaction in animals 
(1D. However, the higher plant Arabidopsis 
thaliana bas only one canonical Ga (GPAL) 
subunit, one GB subunit, and two Gy subunits 
(2-16), The significance of these subunits in 
plant systems is poorly understood: only one 


Arabidopsis putative GPCR protein (GCR1) has 
bboen characterized in plants (17-20), and no 
ligand has been defined for any plant GPCR. 

‘To identify previously unrecognized GPCR 
proteins in Arabidopsis, we started by searching 
the Arabidopsis genome and found ay 
(GCR2, GenBank accession code At1g52920) 
encoding a puttative GPCR, Transmembrane 
structure prediction suggests that GCR2 is a 
membrane protein with seven trinsmembrane 
helices (fig. SI, A and B), The subsequent col- 
lular localization analysis confirmed its plasma 
‘membrane localization in the transgenic plant 
root (fig. SIC). GCR2-yellow fluorescent pro- 
tein (YFP) is detected in the membrane fraction 
isolated from the GCR2-YFP transgenic plant 
Similar to GCRI (19), GCR2 is mostly asso- 
ciated with the membrane fraction (fig. SID), 
Furthermore, even after washing with detergent 
‘ora higher pH butler, GCR2 is retained with the 
‘membrane fraction, suggesting that GR? is an 
integral membrane protcin (fig. $ID). 

One feature of the GPCR is its ability 10 
interact with G protein to form a complex, To 
‘confirm the physical interaction between GCR2 
and Ga, we used four different approaches to 
detect their interaction, We first used. surf 
plasmon resonance spectroscopy 10 investigate 
the interaction between GCR2 and GPAL, For 
this purpose, we expressed and purified recom- 
binant GCR2 and GPAI proteins in bacteria 
). This in vitro assay clearly indicated 
that GPAL is capable of binging to GCR2, where- 
as no binding activity. was detected between 
GPAL and bovine serum albumin (BSA) ( 
83, A and B), The dissociation binding 
stant (A) for GCR2 and GPAL is2.1 * 10 
(fig. S3C). 
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‘The commonly used yeast two-hybsid system 
does not work for the GCR2-GPAL interaction 
assay because of their membrane localization, so 
Wwe used a split-ubiquitin system (2/) instead to 
investigate the GCR2-GPA interaction in yeast. 
This assay confirmed the reported interaction of 
nath GCRI with GPAL (/9), and the 
GCR2 also interacted with GPAL 
n was abolistied when 
the reeptor was blocked by 
fusing the ubiquitin fragment (CubPLV) to the C 
terminus of GCR2 (lig. S44), Wealso found that 
the C terminus of GCR2 (C290 401. containing 
the free C teminus and the predicted thint 
eyloplasmic loop) interacted with GPAI, where- 
as the N terminus (Ny-2m) of GCR2 did not (ig 
S4, B and C), indicating that the C terminus of 

2 is necessary and sullicient for its interac 
tion with GPAL 

Bimolecular fluorescence complementation 
‘was used to detect the interaction between GCR2 
and GPAL in plant cells. GCR2 and GPAL in- 
teracted in Arubidopsis protoplasts (Fig. 1), 
Removal of the € temniinus of GCR2 (Co 201) 
abolished the interaction (Fig. 1, A and B), This 
indicated that the interaction between GCR2 and 
GPA is specific and that the C terminus of GOR2 
is necessary forits interaction with GPA, Wealso 
cconfimed their in vivo interaction by a 
noprecipitation assay. GCR2 and GPAL can be 


in the 
antibody to FLAG from GCR2-FLAG transgenic 
plants(Fig, 1C), Thus, results from four distinet 
assays all supported the interaction between 
GCR2 and GPAL 

To analyze the fumetion of GCR2 in Aral: 
dopsis, we characterized three independent 
Arabidopsis lines: harboring the transferred 
DNA insertions in the GCR2 locus, ger?-1. 
gor2-2, oF ger2-3 (fig. $3), Transcript analysis 
by reverse transcription polymerase chain reac- 
tion (RT-PCR) detected no full-length GCR2 
transcripts in any of the three mutant alleles, but 
all had the truncated transcripts ( 

Arabidopsis seeds require desic 
dormancy 10 prevent premature germination 
before harvesting. The fieshly harvested wild- 
type seeds sekdom germinate: however, freshly 
harvested seeds from all throe alleles of ger. 
plants germinated well under the same condition 
(Fig. 2A), indicating that the seeds trom ger? 
‘mutants lost seed dormancy. The seed dormancy 
mainly controlled by phytohommone ABA. 
This result suggested that gor? mutants are 
defective in ABA signaling, We therefore rea- 
soned that the mutations in GCR2 Kead to a 
decreased sensitivity to ABA. We examined 
other ABA responses in both wild-type and ger? 
plants. We first checked the effect of GCR2 
mutations on seed germination in the pres 
‘of ABA and found that all three ger? mutants 
\were insensitive, whereas the seeds from GCR2 
overexpressor lines were hypersensitive t the 
ABA-inhibition compared with the wild-type 


inoprciitated: and we could detect GPAT 


seeds (Fig. 2B). We also found that the seedling 
growth inhibition by ABA. was substantially 
reduced in the ger? mutants, but increased in 
GCR2 overexpressor lines compared with that 
of the wild type (Fig. 2C). In the absence of 
ABA. the gcr? seedlings developed normally 
and were indistinguishable from the wildype 
sevdlings (Fig. 2C), ABA mediates plant devel- 
‘opment by controlling the expression of ABA 
mediated genes, and we thus compared the 
expression of ABA marker genes in wildtype 
and ger? plants. Thrve well-known ABA marker 
genes, RDIVA, KIN]. and ABIS, were tested 
This analysis confirmed that the expression of 
ABA marker genes was substantially repressed 
in the ger? mutants (fig. $6). 

The ABA-induced closing and ABA- 
inhibited opening of stomata are classical ABA 
responses. We olbserved that both ABA induced 
stomata closing and ABA-inhibited: stomata 
‘opening were insensitive in ger? compared with 
‘ger? sensitivity in wild-type plants Fig. 2, Dand 
1), and the stomata wid is larger in ger? plants 
than in wikl-type plants (Fig. 2E), ABA regulates 

wang K” (K"q) channels to control the stomatal 
apemure (22, 23), To determine whether GCR2 
mediates the ABA regulation of Kw channels 
stomatal guard cells, we applied patch-clamp 
techniques to analyze the whole-cell K"y cur 
rents in guand cells from wikl-type and ger2-1 
plants. ABA inhibited K", currents in wild-type 
guard cells but had no effect on the Kg currents 

xor2-1 guard cells (Fig. 2F), thus indicating 
the involvement of GCR2-mediated K°iq 
ABA-induced stomatal closure. We also found 
that stomata from GCR2-overexpressing plants 
were hypersensitive 10 ABA-induced. closure 


Fig. 2. Physical interac- A 
tion between GCR2. and 
GPAL. (A) Bimolecular 


fluorescence complemen- YFP 

tation. 255495 indcating 

the interaction of GCR2: r 
hemagglutinin (HA) with GPALYEY 


a Germinal HA tag, but 
not the corresponding 
‘Cterminal deletion con- 
struct GCRZILHA (Ns 2) 
with GPAL in vivo. Autor, 
autofluorescence. The 
scale bar represents 20 
fim, (B) The GCR2:HA- 
YFCS, GCR2IL:HA-YEPC, 
and GPA1:cMYC-YFP™ 
proteins were expressed 
in the protoplast. Pro- 
teins from Arabidopsis 
protoplasts expressing 


GPAI-YFPYY 
GCR2IL-YFP 
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compared with the sensitivity of the wikltype 
planis (Fig. 2G). The stomata closure detects 
resulted ina greater water los in the leaves of the 
three ger? alleles compared with that in wild-type 
Jeaves, whereas water loss was reduced in GCR2- 
overexpressing plant leaves (Hig. S7) All ofthese 
results indicate that ger? plans are insensitive 10 
ABA, whereas GCR2-verexpressing pi 
hypenensitive to ABA, demonstrating the in- 
volvement of GCR? in all major ABA responses 
in Arabidopsis 

The ger? plants exhibit all known major 
ABA defects. The GPA null mutant (gpa!) is 
iso defective in ABA-induced stomatal open- 
ing and inwand K"-channe! regutation in guard 
cells (22), Expression pattem analysis shows 
that GOR2 and GPAI share a very similar ex- 
pression pattem (fig. S8, A and B). We also 
«examined the functional significance of GCR2 


GPAL interaction by checking the ABA re- 
sponse in the ger2epal or overexpressor of 
GCR2 or GPAT in different genetic background 
‘using stomatal closure as an assay, We found that 
GPAL was 


wolved in both ABA-controlled 
(Fig, 26 and fig 
defect exhibited by gerdepal 
in ABA induced stomatal closure was similar to 
the defect exhibited by ger? or pal (Hig, SSC), 
ex overexpressing GCR2 of GPAT 
‘were hypersensitive to the ABA response; how- 
ever the effects caused by the overexpression 0 
GCR2 of GPAI were dependent on GPAL ot 
GCR2, respectively (Hig. S¥, B, C, and E), indi- 
GCR2and GPA function together to 
transduce the ABA signal 

Given that ger? exhibits defects in all known 
ABA responses and that GCR2 is aphasia 


Bright field 


Merged 


‘GCR2:HA-YECS, GCR2IL:HA-YFPS, or GPA1:cMYC-YFP™ were extracted and the sample was analyzed on 
a 12% SDS—polyacrylamide gel electrophoresis gel. GCR2 or GPA1 was detected with the use of anti-HA 
for GCR2-YECS or GCRZIL-YFPS, or anti~c-Myc for GPA1-YFP. (C) Coimmunoprecipitation (Co-1P) assays 
verifying the interaction between GCR2 and GPA1 in planta. Total proteins from wild-type (Col-0) and 
GCR2:FLAG transgenic plants were used for in vivo CoP with antibodies to FLAG. Immunoprecipitated 


proteins were probed with antibodies («) to GPA1 and to FLAG. An anti-FLAG cross-reacting band i 


shown as the loading control. 


wwewsciencemagorg SCIENCE VOL315 23 MARCH 2007 


1713 


| REPORTS 


1714 


Fig. 2. The ger2 mi 
tants exhibit all known 
‘ABA defects. (A) The 
gcr2 seeds lose the seed 
dormancy observed in 
the wild type (WT). 
Freshly harvested seeds 
germinated on water- 
soaked fiter paper for 7 
days. The scale bar rep- 
resents 2mm, (B) The 
gc seeds are insensitive 
to ABA-inhibited seed 
germination (mean + 
SD; n= 4). The germina- 
tion percentage was 
determined 3 days after 
growing in V2 Mura- 
shige and Skoog (Ms) 
media. (© The seedling 
development in gc is 
insensitive to ABA. Seeds 
were grown on 1/2 MS 
media with (igh or with 
out (eft) 0.3 uM ABA 
for 10 days. GCR2OE, 
GCR2 overenpresor ine, 
The stale bar represents 
Laem. (D) The ger2 plants 
show defects in ABA- 
induced stomatal closure 
Gran + 0; 0 = 3). 
The ger2 and gpa plants 
are insensitive to ABA 
for stomatal opening 
(mean + SD; n = 3). 
WS, Wassilewskij. (F) 
The inward K* channet =O. 
in gcr2 guard cells & WOM) poh! godt pod WTS pel 
insensitive to ABA. The 

data in the graph (bottom) are presented as mean + SE (n = 4, 3, 5, and 6 for wild type, wild type+ABA, gcr2-2, and gcr2-1+ABA, respectively), (G) 
Overexpressor of GCR2 confers increased ABA sensitivity for stomatal closure (mean + SD; n = 3). 
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membrane receptor, weexamined whether GCR2 release Ga and the GBy dimer, thus activating foemof ABA repressed acZ expression, whereas 
is an ABA receptor, For this purpose, w the downstream signaling events (/6, 24). To physiologically inactive fons of ABA [(--ABA 
checked whether GCR2 could bind ABA. We test whether the binding of ABA to GCR2 could or tans-ABA] did not (Fi. S10). As a cont 
‘observed that ABA bound to GCR2 but did not dissoviate the GCR2-GPAI complex, we used ABA did not afect the expression ofthe reporter 
bind to denatured GCR2 protein (Fig. 3A). As athe split-ubiquitin system to reconstitute this gene in a reconstituted K” ATPASE! (KAT) 
positive and negative contol, ABA also bot tial ABA signaling e 4. Application KATI pathway in the same splitubigui 
FCA but not BSA or GPAL (F of the physiologically active form of ABA (fig. S10). In addition, the expression of 
of ABA 10 GCR2 protein is dependent on pl. and [( ABA or (*)ABA] indosd disrupted the two reporter HIS3 and ADE, 
the optimum pl is between 7.0 and 7.5 (fig. $9. GCR2-GPAL interaction, whereas the physiolog- necessary for na selection 
Stereospeciticty of GCR2 binding to the biolog- ically inactive forms of ABA analogs (ABA medium, The addi 
ically active (*)-ABA was tested in competion or trans-ABA] did not affect the interaction be- repressed the proliferation of ye 
assiys, Trins-ABA and (-)-ABA analogs did not tween GCR2 and GPAL, as indicated in the GCR2 and GPAL, but did not affect yeast 
‘compete forthe GCR2-inding site (Fig. 3B). uunoprccipitation assay (Fig. 3E). This re- proliferation in expressing KATI-KATI system 
The specific binding of ABA. to purified famed that the binding of (Fig. 3E), Together, these results indicated tha 
GCR2 could be saturated with increasing amounts ABA to GCR2 is stereospecific the eflect of ABA on reporter gene expression 
of ABA (Fig. 3C). Scatchard plot analysisexhibits In the spli in yeast protein interac- was specific for the GCR2-GPAI interaction, 
a linear pattem (Fig. 3D), suggesting a single tion assay, the downstream reporter genes further supporting that the binding of ABA to 
binding site for ABA in GCR2. The e (HIS3, ADE2, and lacZ) were activated if the — GCR2 results in the dissociation of the GCR2. 
dissociation constant (Ky) for the GCR2-ABA two assayed proteins interacted with each other GPAT complex 
complex is 20.1 nM (Fig. 3D), which isconsistent (2/). We reasoned that the binding of ABA to Terrestrial plants are immobile and incapable 
With the physiologi GCR2 could repress the expression of reporter of escaping unfavorable envitonmental condi- 
ABA in plants cnes as a result of the dissociation of GCR2 tions such as drought or cold, Instead, they rely 
Ligand binding 10 the GPCR induces the and GPAI. This prediction was verified (fig. heavily on ABA to survive these conditions, 
dissociation of the GPCR-G protein complex to S10). The addition of a physiologically active Thus, how plants perceive and transduce the 


23 MARCH 2007 VOL315 SCIENCE www:sciencemag.org 


Fig. 3. Binding of ABA 
to GCR2. (A) ABA binds 
to the purified GCR2 
protein (mean + SD; n= 
3). (B) GCR2 binding of 
ABA is. stereospecific 
(mean + SO). (C) ABA 
binding to GCR2 behaves, 
according to saturation 
kinetics. The specific 
and nonspecific bind- 
ings are represented by 
top and bottom curves, 
respectively (mean + SD; 
‘n=5), (D) Scatchard plot 
analysis of ABA binding 
shows a linear relation- 
ship_with the square of “7 
the correlation coefficient 
1? = 0.99, and maximum 
binding is 0.8 mot mot* 
protein with Ky = 20.1 
FM (mean + SD; n = 5), 
(E) ABA disrupts the 
GCR2-GPAL interaction 


35 


BSA 


© Relative binding activity (%) > 


ABA bound to GCR2 
(mol mot" protein) 
ere 


in yeast. (lop) Co-IP as- oy 

say, Mer 10 iM ABA was “ 

‘added to the medium for 

20 min, proteins were Ss = 


isolated, The relative irr 
tensity of the immuno 
signal to the control is 
indicated by the num- 
ber below each band. 
WB, Western blot. (Bot- 
tom) Yeast growth assay. 
The proliferation was ob- 
served 7 days afer the ack 
dition of 20 iM (ABA 
‘and 1 mM methionine, 
NubG, ubiquitin Nter- 
minus 113 G mutation, 
The scale bar represents 
2 mm. (F) Schematic mod 
el for GCR2-mediated 
‘ABA signaling pathway. 
GDP, guanosine diphos- 


FCA GCR2 Denatured GPA 


= 


Bound P'HJABA (mol mor!) 
[4 


GCR2 


Ce er 


Free ?H (+}-ABA (aM) F 


phate; GTP, guanosine 5 “triphosphate; PLD, phospholipase D. 


ABA signal is a fundamental question. It has 
been shown that GPAT was involved in ABA- 
mediated stomatal response and seed x 
nation (79, 22, 25}: a putative GPCR GCRI 
interacted with GPAL to negatively 
ABA signaling (/9). We now describe 
acterization of a new GPCR, GCR2. 
dopsis. We conclude that GCR2 isa major ABA 
receptor on the basis of the following evidence: 
(i) Loss-of-funetion ger? exhibits all known 
ABA defects: (ii) an overexpressor of GCR2 
shows an ABA-hypersensitive phenotype: (ii) 
nds ABA with a high alfnity and rea- 
sonable dissociation constants, and the binding is 
stereospecific and abides by receptor kinetics: 
{iv) GCR2 is localized in the plasma membrane: 
(v) GCR2 genetically and physically int 
with GPAL; and (vi) the binding of ABA to 


GCR2 disrupts GCR2-GPA interaction. Notably, 
the ger? mutants still display ABA. responses 
This may be duc to the weak mature of the 

tations (fig. SS) or functional redundancy with 
GCR2-relted proteins, given that there are two 
‘other GCR2 homologous genes in the Arabidopsis 
genome, Consistent with this latter possibility, 
the semidominant phenotype and partial comp! 
mentation of ger? by GCR2 cDNA expression 
(fig. SH1) suggests the possible interference be- 
tween GCR2 and its homologs. 

‘The following model of ABA signaling can be 
envisaged. A GPCR. GCR2, which is a plasma 
membranc-localized ABA receptor. interacts with 
the Goby complex. Binding of ABA to GCR2 
results in the release of the G protein and disso- 
ciation of the heterotrimeric complex into Ga and 
the Giiy dimer to activate downstream ABA ef 
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7 <a 
Fold molar excess 
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Ty 
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ABA bound to GCR2 (mol mot protein) 


the ABA responses (Fig, 
3F), Thus, our results identified an ABA re- 
ceptor and its target protein, a heterotrimeric G 
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Tunability and Noise Dependence 
in Differentiation Dynamics 


Giirol M, Siiel,> Rajan P. Kulkarni,? Jonathan Oworkin,* 


Jordi Garcia-Ojalvo,* michael 8. Elowitz’* 


The dynamic process of differentiation depends on the architecture, quantitative parameters, and 


noise of underlying genetic circuits, However, 


remains unclear how these elements combine to 


control cellular behavior. We analyzed the probabilistic and transient differentiation of Bacillus 
subtilis cells into the state of competence. A few key parameters independently tuned the 
frequency of initiation and the duration of competence episodes and allowed the circuit to access 
different dynamic regimes, including oscillation. Altering circuit architecture showed that the 
duration of competence events can be made more precise. We used an experimental method to 
reduce global cellular noise and showed that noise levels are correlated with frequency of 
differentiation events, Together, the data reveal a noise-dependent circuit that is remarkably 
resilient and tunable in terms of its dynamic behavior, 


Iniwe aspects of entice circuits control 
| dynamic cellular behaviors: the circuit 
architecture oF pattern of regulatory inter- 
1s among genetic elements; quantitative pa 
ter values, such as promoter strengths: and 
stochastic Muctuations, oF “noise,” associated 
With the concentration of cellular components. 
A fundamental biological question is how these 
three aspects of genetic circuits combine to 
determine cellular behavior, its variability, ant 
its potential to evolve (), 
Competence in B. subvilis isa stress response 
that allows cells to take up DNA from the envi- 
3), Differentiation into competenc 
transient (Fig. 1A) (4). The genetic basis for thi 
vir isa circuit involving comA and comS 
(Fig. 13). The transcription factor Com is neces 
sary and sufficient for differentiation into com 
petence (5,6). Com. positively autoreguates its 
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‘own expression but is degraged by the ClpP- 
ClpCMecA protease complex (Fig. 1B) (7-9. 
‘ComS competitively inhibits this degradation and 
isrepressed in competent cells forming a negative 
feaback loop (4. 10, 12), The circuit operates as 


A 


Time 


an excitable system in which a relatively small 
perturbation induces a larger and stereotyped re= 
sponse, as occurs with action potentials incu 
rons, for example 4, 12), Competence events occur 
nly in a fiaction of eells and may be driven by 
‘poise in underlying cieuit components (4, 7.8, 13) 

‘Two key characteristics of competence are its 
probability of initiation, Pigg, and the mean dura 
tion of transient competence even, Teeny (Fi 
1A). Pa denotes the chance per cell division that 
a individual cell will become competent, Compe- 
fence events can be quantified by automated time 
lapse fluorescence microscopy using. fluorescent 
‘porter genes under the control of the ComK- 
specific comG promoter ark! the coms’ promoter 
(denoted Poy tl Pry. 1eSPREtIVELY) (A) 

‘Two parameters that are expected to affect the 
behavior of the cireuit are the basal expression 


respectively (Fig. 1B and Eq. $1), To manipulate 
these parameters, we chromosomally integrated 
an additional copy of either comS or comK under 


the control of an inducible promoter, denoted 
Pho: generating the Hypet-as. and Hypercx 


Fig. 1. Competence is a probabilistic and transient differentiation process regulated by a genetic 
circuit. (A) The rate of entering the competent state from the vegetative state is denoted by Pint. The 
amount of time spent in the competent state is denoted by tmp. The ComK transcription factor 
concentration is high (pink region) when cells are competent and low (green region) when they are 
growing vegetatively. (B) Map of the core competence circuitry. Key features include positive 
transcriptional autoregulation of comK and a negative feedback loop in which ComK inhibits 
(possibly indirectly) expression of ComS, which in turn interferes with degradation of ComK. The 
‘graphs below the Prom 2nd Peans promoters define parameters used in the text: Expression rates 
‘change from cr to fix and fs to us respectively, as ComK concentration increases during competence. 
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strains, respectively [see Supporting Online Ma- 
terial (SOM) text}. To systematically scan a range 
of values for ux and as, we made time-Lapse 
Muorescence movies of these strains on media 
containing different concentrations ofthe inducer 
isopropyl--D-thiogalactopyranoside (IPTG) 


(Fig. 2, A and B). 
We investigated how ay and ds combine to 
regulate Pigg. Without IPTG, Pigg Was ~3 


Hyper strain, unchanged from its wil 
tue. Pg, increased rapidly with basal com& ex- 
pression (Fig, 2C) Increased expression of camk’ 
n the Hyper strain also showed transition to 
an owillatory regime, in which cells repeatedly 
‘went in and out of the competent state (Fig 
At cx ~20 times its wiktype value, x" all 
cells entered competence (Fig. 2, A and C). 
‘ComS, like Comk, is necessary for competence, 
However, expression of Pig-comS had a modest 
effect on initiation, inereasing Py to ~20% (Fig 
20), Thuis, Pac Was predominantly regulated by 
(ay. rather than ds 


Fig. 2. cxandusquat A 
itatively ‘change the 
dynamics of the com 
petence circuit and in- 
dependently tune the 
probability of ination 
(Pra) and mean duration 
(Ceamp) of competence 
‘events, (A. and B) Fim 
strips and Pama time 
traces (for indivi cls) 
‘of competence events — 
obtained in Hyper, 
(Phyccomk) and Hyper 

is Pygrcoms) stains at 

the IPTG concentrations 

and. times hours) in- 
dicated, Poomcp and 

Prams Vo activities are 
depicted in red and green, 
respectively. Sporulat- 

ing cells are seen in B 


Poomsefp 
Poor VD 


IPTG 
Z 
5 


We next considered the effects of the same 
Perturbations on Taomp- Increasing a upto ~4.5 
(ax caused no increase in Toamp (Fig. 2D)-On the 
‘other hand, in the Hypertsstrain, amp increased 
with increasing expression of PryecomS (Fig. 
2D), Thus. Teanp Wats predominantly regulated by 
dg rather than tg. Togsther, these results show 
that Pg, aM Tap Can be tuned independently by 
ay. and ds, respectively (Fig. 2B), 

To better understand the effect of coms 
expression On Tome WE constructed a 6S’ 
strain in Which Progg-comS was expressed fom a 
low: copy number plasmid, effectively increasing 
the activated production rate, Bs. by a factor of 6 
‘over its wild-type value, Bs". Unlike Payyrcoms, 
this construct retains the regulation found in the 
wild-type Poms promoter, inchading its malig 
‘basal expression rate, as". Despite this increase 
in Bs. excitable behavior was maintained, as 
5% (n= 79/151) of competent cells successfully 
exited the competent state, compared with 61% 
7% (n= 83/136) of wikltype cells. By contrast, 


white, Cells that did not 300 
sporulate were prone to pep 200 
lysis toward the end of pi=—-yfp/|| OHM 100 


movie acquisition. (€ to 
©) Quantification of rests 
‘obtained from Hyper, 
and Hypercis strains at 
various IPTG concentra- 
tions are depicted in 
red and green, respec- 
tively. (©) Response of 
Pie to changes in i, oF 
as (mean + SD). (0) 
Response of ream t0 ts 
‘and cy (mean + SD). (E) 
Independent control of 
Pree 4 Temp BY cre ad 
ds crcuit, parameters. 
Shown in light red and 
light green are discrete 


i bal Bae 
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increasing ds 10 ~3 » Bs" in the Hyperats strain 
Prevented the majority of competent cells from 
exiting [213 = 5% (n = 26/122) of competent 
culls exited (table S4)]. The repressbility of the 
rmitural Poms promoter is thus critical for main- 
taining excitability (4), These results show that 
excitability can be reliably maintained over a 
troad range of fi values. 

To better understand independent tunin: 
Of Pigg ANd Teomps 38 Well as reliable mainte: 
nance of excitability, we developed a model 
of the core interactions in the competence 
regulation circuitry (Fig. 1B and SOM text), We 
wed stochastic simulations to account for in- 
trinsic noise of biochemical reactions (4), We 
also analyzed the comesponding continuous mod- 
el to determine parameter dependence and to 
identify a biologically reasonable parameter 
regime in which the diserete model produced 
results consistent with experiments, We required 
the continuous model to remain in the excitable 
regime as the fg value was Varied by a fictor of6 


Keane (NOUS) 
SSRSREBS 


on 


2 2 3 3 40 
‘comp (hours) 


stochastic simulations ofthe model for parameter variations comparable to those analyzed experimentally. (nse) Schematic depicting the effets of ay and cis on 


‘competence dynamics. 
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and we required its stochastic counterpart to 
ueenerate the observed independent tunability of 
Pri Tomy We dented a parameter set that 
accounts for both maintenance of excitability at 
high Bs and independent tunability by ag and en. 

Analysis ofthe moe is described in detail in the 
SOM text (15). 

‘Within the model, increasing ag inereased the 
probability that vegctative eells reach the mini- 
mum concetitation of ComK. nscessary to initi- 
ate competence, explaining the strong effect of 
ax on Pg (Fig, SS), Increasing a, on the other 
hand, did not raise Pic arbitrarily high because 
initiation of competence is limited by fluctuations 
in ComK expression (Fig. 2E and fig. $6). 

In the model, we also analyzed team Exit 
fiom competence requires ComS wo be degraded 
When the basal production rate of ComK is less 
than its activated production rate (a < Bs 
‘Com degradation, and thus Kage fs unallocte. 
(On the other hand, as cg is increased from zero, 
production of ComS offsets its degradation, 
prolonging competence duration, 

Consistent with experimental results, in the 
model inereasing ag switches the system fom 
excitable to oscillatory dynamics, funher distin- 
‘gushing ey from a (Hig, $3), Inereasing takes 
the system dirwetly from excitability to a bistable 
regime in which Py 1s but once initiated, most 

ls remain trapped in the competent sta. This 
behavior was alo observed in experiments where 
no oscillatory behavior was seen a intermedia 
ds values (Fig. 2B). 

Asin the experiments cells in the model ean 
become stuck in competence, When the basal 
production rate of ComK excouds its activated 
production rate (ay, > Bx) ComK levels cannot 
be reduced in competence, and cells become 
trapped in the competent state. A similar effect 
‘occurs a high ay values, because a new stable 


¢ remained possible as a 
result of noise, which destablizes the newly 
formed competent state (see Section SI4 of 
SOM text). This is consistent with experimer 
‘observations showing that, even at the highest 
induction levels in the Hyper-a strain, ~20% 
‘of cells successfully exited competence, 

To explore the effects of perturbing the circuit 
architecture, we reengineered the competence 
ccireuit using Rok, & protein that binds 10 Pea 
and represses its expression (/6), We insented a 
copy of rok under the control of Peon ereating 
‘an aultional negative feedback loop onto comK 
(Fig. 3A). inthis “CompRok” strain, as expected, 
Pye remained unchanged from its wikl-type 
values (~3%). The mean value Of Teens 01 the 
other hand, was reduced, as was its cell-cell 
Variability, In CompROk, Tapp 13.9 =3.4 hours 
(mean = SD, = 30), compared With Tomp = 
20.2 = 9.9 hours (mean = SD. n = 31) in wild 
lype (Fig. 3B). This reduction in cell-cell yar- 
‘ability showed that the precision of Taam Cant 
improved over its wikl-type value. In the 


model (Fig, 3B, insets), this result can be ex 
plained as follows: Exit from competence occurs 
when the absolute number of ComS molecules is 


‘very low and the relative size of stochastic 
tuations therefore increases. These effects incre 


the variability in tap: In the CompRok strain, 


Es 


Fig. 3. Architectural change tothe A. 
‘MeKS circuit reduces variability of 
competence durations (temp). (A 
Competence circuit was rewired to 
introduce an additional transcrip- 
tional negative feedback loop onto 
comK, generating the CompRok 
strain. (B) Fluorescence time traces, 
normalized by their maximum val- 
Ue, from Paoma<fp in the CompRok 
strain or the wild type. Traces have 
been aligned with respect to time of 
initiation of Peomc expression. For 
each panel, corresponding discrete 
stochastic simulations of CompRok 
and wild-type competence circuits 
are shown as insets. 


2 4 6 8 
Normatized call length 
Fig. 4. Noise in gene expression and probability of competence initiation (Pya) decreases with increasing 
‘call length. (A) Cellcel variation in gene expression (shades of gray) is expected to decrease in elongated 
conditional fist” mutant cells compared with wildype cells. (B) Noise decreases with increasing cel length: 
Dots represent Ppp expression (normalized by mean) and lenath of individual conditional tsW” mutant 
(Fil-H0 cells induced with 5 wM IPTG. (inset) Coefficient of variation (CV) of Pig-p expression as a function 
‘of cell length (black) compared with discrete stochastic model prediction (gray). (C) Overlay of phase contrast 
and PaancdP fluorescence (red) snapshots of FitiSOG cells with increased cell length. (D) Experimentally 
determined Pa (black line) drops with increasing cell length consistent with discrete stochastic simulations 
(gray ine). Error bars in (© and (D) denote one SD. (See $3.4 SOM test for details on calculation of Pra.) 
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however, the addtional negative feedback allows 
exit fiom competence to occur at higher ComS 
and Rok concentrations, reducing the sensitivity of 
Teanp 10 stochastic fluctuations (lig. S10). 

Its not known whether competence initiation 
is controlled by noise, asin the model. To test the 
impact of noise on competence initiation, we set 
‘out to globally modulate the amount of noise in 
the oell, We used a B. subilés strain in which the 
JisI¥ gene, which is necessary for septation, was 
replaced by an inducible copy. In the absence of 
inducer, septation was inhibited, resulting in clon 
igsted filamentous cells, Each filament was com 
posed of multiple cel units, all sharing cytoplasm, 
Within a filament, diffusion is expected to of 
fectively average cell contents, reducing noise in 
gene expression, without affecting mean concen- 
trations of cellular components (Fig. 44) (77). In 
Some bacterial mutants that have elongated 
filamentous morphologies, cellular growth, mucke= 
‘oid density, protein expression, and other physio- 
logical characteristics appear noma, even though 
cellular volume is greatly increased (fig. S12) 
8-2, We ted an inducible Pye 
nd measured the effect of coll length 
ell fluctuations in yellow fluorescent 
protein (YEP) expression (Fig. 4B), We found 
that noise does indeed deerease with increasing 
length (Fig, 4B, inset). A simple model of tran- 
scription and translation (21-24) that incorpo 
rales the continuity of filamentous cell growth 
produced qualitatively similar results (Fig. 4B, 
inset, and SOM text). Thas, cell size can in this 
‘ease be used to modulate gene expression noise. 

How does noise affect the probability of ini- 
tiation of competence? To answer this question, 
‘ve induced! filamentation inthe conditional fst” 
strain atthe beginning of, or before, mov ie aequi- 
sition and quantified Pigg as a function of cell 
length. We detennined length distributions of 
cells atthe moment they initiated competence, as 
detected by Pama expression (Fig. 4C). AS a 
comparison, we also measured length distribue 
tions for noncompetent cells at a similar disti- 
bution of times. We plotted the relative fraction of 
cells tha initiated competence at a given length, 
compared with the total number of ces at that 
Tongth. The results showed that Pig decreased as 
cells elongated (Fig, 4D and SOM text), A simi- 
lar decrease in Py Was observed in correspond- 
ing simulations (Fig. 4D), To test if the reduction 
in Prox could be duc to factors other than di- 
rminished noise, we examined two promoters, Pans 
and Pyag, both strongly regulated under these 
‘conditions. SpoOA is a master regulator of spor- 
ulation, a competing starvation response, and 
high concentrations of SpoOA inhibit compe- 
tence (3), Conversely, Pas expression is nee 
essary for competence. Mean expression of both 
Pros td Peas Was unalTccted by cell nth (fi. 
S17). This supports the idea that gene expression 
levels are independent of cell ength under these 
‘conditions and that Pie depends on noise. 

Noise may play at least three different fiune- 
tional roles in competence. First, noise could be 


responsible for the observed variability in dura- 
tion. Second, noise may be necessary to main- 
tain excitability over a wide parameter range, 
by inducing escape from states of high Com! 
concentration. Third, noise appears to have a 
pivotal role in competence initiation (Fig. 4D) 
and thus should be considered alongside genetic 
parameters and circuit architecture to comp: 
hensively understand differentiation tthe singe- 
cell eve 

(Quantitative analysis ofa genetic system be- 
yond its nonnal operating regime, 
‘gene expression strengths, circuit archi 
noise levels, strongly constrains dynamical mod- 
els. The competence regulation system main- 
tains excitable behavior over a broad range of 
parameter values. Experimentally, a and cs 
tenable Prac ad Toop 10 be tuned independent- 
Jy, allowing the system, in theory. 10 adapt 10 
independent selective prewures during evolution 
The circuit can also access different dynamic 
regimes, such as oscillation and bistability, in- 
dicating its potential to evolve alternative quali- 
tative behaviors, 
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Temporal Frequency of Subthreshold 
Oscillations Scales with Entorhinal 
Grid Cell Field Spacing 


Lisa M. Giocomo,?* Eric A. Zilli Erik Fransén,? Michael E. Hasselmo™* 


Grid cells in layer Il of rat entorhinal cortex fire to spatial locations in a repeating hexagonal grid, with 
smaller spacing between grid fields for neurons in more dorsal anatomical locations. Data from in 
vitro whole-cell patch recordings showed differences in frequency of subthreshold membrane potential 
‘oscillations in entorhinal neurons that correspond to different postions along the dorsal-to-ventral 
axis, supporting 2 model of physiological mechanisms for grid cell responses, 


he entorhinal cortex plays an important 
| role in encoding of spatial information 

(1-3) and episoxtic memory (4), Many layer 

I neurons of rat entorhinal cortex. are grid cells, 
firing when the rat & in an array of spatial locations 
forming a hexagonal grid within the environment 


(5-7), The spacing of fring fields in the wid varies 
‘with anatomical positon ofthe cell along the dowsal- 
‘ventral axis of entorhinal cortex, as measured by 
distance fiven the posthinal border (5). Neurons 
loser tothe dorsal border of entorhinal cortex hve 
shorter distances between firing fields, Computa- 
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tional models explicitly predict that differences in 
arid fick! spacing should correspond to differ 
fences in intrinsic frequencies of neurons along 
the donsabto-ventral axis (3, 8). This could provide 
systematic variation in the gain of a movement- 
speed signal for path integration (2, 3, 9), 
Subthreshold membrane potential oscillations 
in entorhinal cortical stellate cells (70) arise from 
asingleell mechanism involving vollage-sensitive 
‘currents (//-13) and could contribute to network 


'centet for Memory and Brain, Department at Psychology, 
Program in Neuoscence, Boston Univesity, 2 Cummington 
‘Steet, Boston, MA 02215, USA. “School of Computer Scence 
and. Communication, Royal Institute of Techeology and 
‘Stockholm Brain iste, SE-100 44 Stockholm, Sweden. 


dynamics (14), We recorded subthreshold oscil 
lations from $7 stellate cells in layer Il of medial 
entorhinal cortex (fig. $1) in slices from different 
anatomical positions along the dorsal-entral ax 
by using whole-cell patch clamp techniques (/5), 
The position of each horizontal slice was mea- 
sured individually relative tothe dorsal surface of 
the brain (Fig. TA). 

Stellate cells in dorsal entorhinal cortex 
showed higher temporal frequencies (/) of sub 
threshok! membrane potential oscillations. com- 
pared with lower frequencies in cells ffom more 
ventral entorhinal slices (Fig. 1B). Dorsal cells 
(n= 30) were defined as eclls recanted in slices 
taken between 3.8 mm [the border with posttinal 


cells reconted in slices between 4.9 and 7.1 mm 
from the dorsal surface. Because the group 
means of the frequency of subihreshold oscil 
lations recorded from these populations (Fig. 1B) 
can depend upon the mean membrane potential 
Voltage, we performed this analysis separately for 
data gathered at different approximate holding 
membrane potentials of 50 mV and 4S mV. 
‘The mean frequency in dorsal cells was signif- 
icantly higher than the mean frequency in ventral 
cells for measurements at about -S0 mV (dorsal 


mean f= SEM = 6.42 = 0.40 Hz and 1» 28; 
ventral f= 4.23 + 0.32 Mz and n = 25; P 
0,001) and -45 mV (dorsal mean f= SEM 
7.18 = 0.50 Hz and n= 14; ventral f= 4.88 
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Fig. 1. Higher frequency of subthreshold oscillations in dorsal versus ventral 


‘entorhinal cortex. (A) Top, dorsal view of brain after sticing. Bottom, sagittal 
view showing anatomical location of horizontal slices A to H. (B) Mean 
frequency of subthreshold oscilations for neurons from dorsal slices (3.8 to 
4,9 mm bregma) and ventral slices (4.9 to 7.1 mm bregma) at ~50 mV and 
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cortex (/6)] and 4.9 mm from the dorsal surface 


0.59 He and n= 7; P < 0.01), Frequencies were 
determined by an automated autoconelation anal 


(n= 27) were defined as 


mm) 00 ms 100 ms 


—45 mV. Error bars indicate SEM, (C) Subthreshold oscillation frequency 
plotted versus anatomical distance from dorsal surface. (D) Examples of 
subthreshold oscillations at ~50 mV in dorsal regions (left) and ventral 
regions (right. (E) Corresponding autocorrelations used to measure 
frequency in (0). 


8, Poo 
z! Bvews 5 
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Fig. 2. Differences in resonance properties of neurons in dorsal versus ventral 
entorhinal cortex. (A) Examples of resonance responses of neurons in dorsal (blue) 
‘and ventral entorhinal cortex (red) in response to ZAP stimulus (black). (B) 
Histogram of mean peak resonance frequency for neurons in dorsal versus ventral 
entorhinal cortex. (C) Resonance frequency plotted versus anatomical distance 
from the dorsal surface. 
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ysis algorithm (75) and were used. throughout 
unless otherwise noted. The significant diflerence 
between mean frequencies was replicated with 
analyses using the peak in the power spectra. for 
data at -50 mV’ (dorsal = 4.86 = 037 Hz and n = 
28; ventral = 3.44 = 0.25 Hzand 1 = 25; P< 
0.01) and 45 mV (dorsal f = 5.54 = 0.49 He 
and = 14; ventral f =3.76 = 031 Hz and n=8: 
P-< 001) (fig. S2), The resting membrane po- 
tential, fring threshold, resistanee, and age [dor- 
sal mean age © SEM = 198 © 04 days and 
ventral age™ 19.1 © 0.4 days, P value not signit= 
icant (NS) did not contribute to the difference in 
the fiequency of oscillations observed between 
neurons from dorsal versus ventral slices (15). 
Entorhinal neurons showed! systematic df= 
ference in subthreshold oscillation fequency when 
plotted for different locations along. the dorsal- 
‘ental ss (Fig. 1C) for data at $0 mV (r= 0.48, 


slope ® 1.26) and at 45 mV (F = 0.00, slope 
A 
an }20 mv 
B 250ms 


2.48). This pattern resembles the difference in 
spatial periodicity of grid cells previously recorded 
from layer Il at different positions along the dorsl- 
\ventrabaxis in awake, behaving animals (5, 7). EX- 
amples of subthreshold oscillations recorded from 
individual entorhinal neurons ilustrate the dilfer- 
ence in dorsal venus ventral frequency (Fig 1D). 
S00sans segments of the autocorelations com 
‘puted forthe same cells in Fig. 1D demonstrate the 
difference in peak-to-peak wavelength (Fig. 1. 

‘The frequency of subthreshold ascilltions has 
‘been shown to comeate with the peak frequency 
‘of membrane potential resonance at rest (-60 10 

‘64 mV) in entorhinal neurons (17). We evabsated 
the resonant frequency of neurons by delivering a 
20-slong_ impedance amplitude profile (ZAP) 
stimuhis and measuring the input Frequency that 
caused the largest amplitude depolarization of 
membrane potential. Individual examples of the 
response to the ZAP stimulus are shown for four 
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Fig. 3. Relationship of subthreshold membrane potential oscillations to sag potential. For single neurons 
jn dorsal (A) and ventral entorhinal cortex (B), traces on left show membrane potential responses to 
‘multiple current injection levels. Single traces (right) show sag potentials at higher resolution. (C) r, of 
‘ag potential (ms) plotted versus anatomical location. (D) r, of sag potential plotted versus subthreshold 


‘oscillation frequency. 
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neurons from dorsal entorhinal slices (Fig. 2A) 
and four neurons fiom more-ventral slices. The 
resonant frequency of stellate cells was signiti- 
cantly higher in dorsal cells compared with that in 
ventral cells (dorsal frequency = 613 = 0.41 Hz 
and n= IX: ventral frequency = 4.45 = 0.40 lz 
and n = 14: P< 0.01) (Fig, 2B), There was no 
significant difference in resting potential between 
the populations used for this analysis (dorsal 
potential = -60.12 + 0.26mVand = 18; ventral 
potential = 60.11 © 0.26 mV and = | ) 
Resonant fiequeney was systematically higher 
dorsal regions when plotted in relation to anatom- 
ical location (r= 0.51, slope = -1.18) (Fig. 20), 
To analyze the relationship of subthneshold os- 
cillations to other intisie properties, we measured 
the change in membrane potential during a hyper: 
polarizing current injection that usually caused a 
show depolarizing shift (a "sz" of the membra 
potential), The sig was ft witha dua! exponential 
‘uation staring just afer the tough of the sag and 
«ruling nearthe end of he curemt injection at steady 
state potential (Fig. 3, A and B), The faster of the 
‘wo time constants (r)) of the sag was measured for 
hyperpolarizing current steps that ended at steady 
slate membrane voltages of 69.9 10-68 mV (V1) 
and at steady-state membrane voltages of 64,9 
46 -60 (V2). The time constant (11) of the say in= 
creased with depth on the donalventeal axis (at 
V1. r= OSS and slope = 967; at V2, r= 061 and 


slope = 8.23) (Fig. 30), with significantly. faster 
‘values of tin more-dorsl portions compared with 
2337 
LL ms, 


more-ventral portions at V1 (dorsal t, 
124 ms and n= 17; ventral 
n= 14: P< 0.01 yand at V2 (dorsal ty = 
1.60 ms and st = 11; ventral ty = 34.71 
and r= 17: P< 0.01), The ty of the say correlated 
‘with the fiequeney of subthreshold oscillations 
(at Vi. r= 063 and slope = 4.32; at V2, r= 0.68 
and slope =-4.10)(Fig. 3D), Vottage-clamp studies 
fae necessary 10 confit underlying currents, A 
potential candidate isthe h current, which has been 
shown 10 undertic sag in stellate cells (17, 12), 

‘The differences in temporal frequency shown 
in this study correspond to diferences in spatial 
periodicity of unit firing observed with extracel- 
lular recording in awake, behaving animals (5-7). 
‘Neurons at more-dorsal locations show hi 
trinsic subthreshold oscillation frequency in vitro 
and smaller spacing between grid fields in vivo. 
Plots of the reciprocal of temporal frequency v 
sais anatomical position (Fig. 4A) reveal slo 
similar to the slope of grid fick! spacing (G) 
relative to anatomical position (Fig, 4B). 

These data support the prediction of'a model 
(SOM text) (3, 8) elated to other models of grid 
cells and theta phase precession (/8-20), In this 
model, grid cell periodicity arises from an 
ference patiern generated by intrinsic tempo 
oscillations in the soma and dendrites of a single 
cell. During simulated rat movement, cells mod 
ulated by head direction and speed (7, 2/, 22) 
shift the frequency of dendritic escillations (con- 
sistent with voltage effects on fiequency), The 
seid pattem is the product of interference by three 
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dendritic oscillations, each receiving a different 
head direction input, shifting in and out of phase 
With soma oscillations in proportion to distance 
moved in the prefered direction of each head di- 
revtion cell Spikng occurs when all three dendrites 
are in phase with the sonia, causing oscillaions 
to cross threshold (figs. $4 and $5). Spiking does 
not alter soma or dendritic phase but occurs with 
theta rhythmicity, consistent with in vivo recond- 
ings in entorhinal cortex (5-7) and hippocampus 
(2, 9, 18) and potentially causing procession reks- 
tive to field potential oscillations (3, ¥, 19, 20) 
‘The model (3, 8) was modified to include shitts 
n dendritic frequency proportional to sore fre- 
‘quency and t0 use a scaling factor, = /G (fig 
6), determined from the experimental data. Simu- 
lations (SOM text) (Fig. 4, Cand D) demonstrated 
that differences in temporal ficquency of somatic 
‘oscillations result in diferent grid fick spacing. 
Insertion of the experimentally detennined vale 
for subthreshold oscillation frequency (7a a pare 


ticular anatomical location resuhed in simulated 
grid cell spacing that matches data (7) on grid cell 
‘spacing (G) at the same anatomical location (igs. 
S4and S7). 

The model demonstrates one possible mech- 
anism for path integration (2) and supports the 
Prediction that systematic variation in gain of a 
movementspeed signal coulL underic differ 
fences in grid field spacing (2, 9). The model is 
‘compatible with maintenance of grid cell repre- 
sentations by persistent firing (28) or attractor 
«dynamics anxing from pattemed excitatory con- 
nectivity (2, 24, 25). Long-term stability of grid 
fields could require place cell input dependent 
‘on extemal landmarks (3, 8, 26). Diflerences in 

trinsic frequency along the dorsal-ventral axis 
‘of entorhinal comtex couk! contribute 10 dif- 
ferences in place field size along the septal-o- 
temporal axis of the hippocampus (9, 27). 

The systematic differences in intrinsic tem- 
poral frequency may provide multiple scales for 


Distance (mm) from the dorsal surface Distance (tim) from postrhinal border 


c Dorsal 


High frequency (6.42 Hz) 


Ventral 
Low frequency (4.23 Hz) 
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Fig. 4. Subthreshold oxilations may undette differences in grid field spacing. (A) Reciprocal of oscillation 
frequency plotted versus anatomical depth for anatomical range matching a previous publication (7) as shown 
in (). (C and D) Simulations of grid cell model @, 6}. Top, gray incates trajectory of simulated rat. Red 
indicates fring locations. Bottom, fring rate map (red, maximum; blue, no spikes). Grid field spacing és small 
for mean dorsal oscillation frequency of 6.42 Hz (C) and larger for mean ventral frequency of 4.23 Hz (D). 
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coding of both space and time, Periodic repre- 
sentation of the environment at multiple spatial 
scales could prove essential to mechanisms of 
path integration (2, 3, 9, 28), consistent with im- 
pairments afier entorhinal lesions (/). Coding of 
continuous dimensions by interacting frequen- 
ies could also allow the coding of continuous 
relative time necessary for episodic memory (29), 
‘These results suggest that, beyond simple sum- 
‘mation of input, neural processing involves in- 
teractions of synaptic input and interference 
between intrinsic frequencies (8, 9, 18, 19). 
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Emergence of Novel Color 
Vision in Mice Engineered to Express 
a Human Cone Photopigment 


Gerald H. Jacobs,™* Gary A. Williams,* Hugh Cahill,’* Jeremy Nathans**** 


Changes in the genes encoding sensory receptor proteins are an essential step in the evolution 
‘of new sensory capacities. In primates, trichromatic color vision evolved after changes in 

X chromosome-tinked photopigment genes. To model this process, we studied knock-in mice 
that expressed a human long-wavelength-sensitive (L) cone photopigment in the form of an 
X-linked polymorphism. Behavioral tests demonstrated that heterozygous females, whose retinas 
‘contained both native mouse pigments and human L pigment, showed enhanced long-wavelength 
sensitivity and acquired @ new capacity for chromatic discrimination. An inherent 

plasticity in the mammalian visual system thus permits the emergence of 2 new dimension of 
sensory experience based solely on gene-driven changes in receptor organization. 


the retinas of most nonprimate mammals 
‘ontain Wo chisses of cone photopigments 
that support dichromatic color vision (7). A. 


cone pigment most sensitive to short (S) wave~ 
Jengths is encoded on an autosome, and a second 


cone pigment most sensitive to middle (M) oF 
long (L) wavel n the X chio- 
mosome, Many prit eshaveadded an 


additional type of M or L pigment, permitting the 
evolution of trichromacy (2). In Ok World pri- 
mates the third cone pigment arose by duplication 
of the ancestral X-chromosornal cone pigment 
iene (3), By contrast, in most New World mon- 
keys, cone pigment diversity derives tiom poly 
‘morphic variation in a single X-linked gene (4,5) 
In heterozygous females, X-ehromosormeinactiva- 
tion produces a mosaic of spectrally distinet cone 
types, Which provides the foundation fe tichro- 
macy. The polymorphic X-linked pigment genes 
in New World monkeys may represent the an- 
‘costal arrangement for primates, as judged by the 
‘observation that the same three aminny acid sub- 
stitutions contr the spectral difference between M 
and L pigments in all present-day primates (3) 
Color vision requires both multiple photopigments 
and appropriate neural wiring, and it haxs been 
argued that the organization of the primate retina, 
‘and in particular the low-convergence midget bi- 
polar and gangtion cell system, is such that the 
addition of a new class of cone photoreceptors 
may be all that is required for comparing M 
Versus L cone signals (6-8), 

(Our experiments used genetically engineered 
mice 9 model the first step in the evolution of 
primate trichromacy. We asked whether the sud- 
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den acquisition of an additional and spectrally 
distinct pigment and its production in a subsct of 
‘cones suflice to permit a new dimension of chno- 
matic discrimination that would imply that (i) the 
‘mammalian brain is sufficiently plastic that it can 
extract and compare a new dimension of sensory 
input and (i the heterozygous female primate that 
first inherited an aditional X-chnomosome alle 
would have immediately enjoyed a selective ad- 
Vantage with respect to chromatic discrimina- 
tion, We produced a line of mice in which most 
Of the coding sequences of the normal mouse 
X-chromosomal M pigment gene [specifying 
pigment with wavelength of maximum absorp- 
ioe ygas ~S10 nm, hereafter “M"] was replaced 
with a human L pigment cDNA (specifying a 
hybrid pigment with  Ayag OF $56 nm, hereafter 
(9). similar knock-in mouse has recently 
‘been produced (/0), As in New Workd monkeys, 
‘breeding yiekls mice with three distinet com- 
plrments of MIL pigments: Males and homoazy- 
‘gous females have either M or L pigments, and 
heterozygous females have a mixture of the 
Pigments. Earlier we observed that cones co 
taining the L pigment could transduce light 
signals with an efficiency roughly equal to that 
‘of native M cones, as judged by the electroretino- 
gram (ERG), and thatthe responses of individual 
tinal ganglion cells (RGCs) in M/L hetero 
zygotes showed substantial cell-to-cell variability 
chromatic sensitivity despite the lange number 
‘of cones that contribute to the receptive fckd center 
‘of a typical mouse RGC. This functional hetero- 
szencity likely reflects the spatial graininess of M 
Versus L cone teritoris ereated by X-chromesomne 
inactivation, which is consstert with the ~301mn 
average diameters for X chromosome inactivation 
patches in the retina (9). 

We first performed an analysis of cone-hased 
spectral sensitivity using ERG flicker photometry 
(11) [see also supporting online material (SOM)] 
‘The mouse S cone pigment is maximally sensitive 
in the ultraviolet range (/2, 13} we minimized its 
activation by using lights of relatively long wave- 
Jength. Spectral sensitivity functions. obtained 
from mice whose retinas contained either the M 
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pigment (n= 12 mice) or the L pigment (n= 17 
mice), were fitted with photopiyment absorption 
finetions (Fig. 1 A and B), The spectral maxima 
(S12and $56 nm) are close to those determined by 
calicr measurements ofthese pigments (9, 12,13) 
Spectral sensitivity functions, similarly obtained 
fiom 86 ML heterozygotes (Fig. 1C), were best fit 
by linearly summing the spectra from mice with 
either M or L pigments, On average, there is a 
‘wold lager contibution fom the M pigment 
than fiom the L pigment (presumably reflecting a 
bias in the M:L eon ratio), and tere is subst 
individual variability in this rebtive weighting 
(Fig. 1D). The later likely refleets stochastic varie 
‘ion in X-chromesome inactivation (14) 

Although heterozygotes have, on average, 
greater M than L sensitivity, this is not because 
the L pigment compromises cone viability or 
function, First, immunolabeling with antibodies 0 
ML opin demonstrate nearly identical dns 
‘of Mor L cones in retinas from animals expressing 
only one or the other of these pigments mean M 
cone densities “SD = 8) 998 per mn? and. 
mean Leone densities “SD = 828% + 952 per 
(1 = 2 mice for cach genotype), Second, 
ERG voltage vers intensity (log 1) functions 
recorded fiom M or L retinas are indistinguishable 
‘when the intensity of the stimulating light is 
specified according to its calculated effectiveness 
for each pigment (Fig. 1E, implying tha signals 
fiom the L and M pigments activate the ERG with 
the same efficiency 

To examine whether vision is altered by the 
‘aided photopigment, we tested mice in a be 
hhavioal threeaemative foresd-choice diserimi- 
ration task, In this ask, the ania was rule 10 
identif§ which one of the toe test panels was 
iluminated differently from the other two, withthe 
Jocation of the correct choice varying randomly 
between trials (75), The L pigment has greater 
sensitivity wo long wavelengths than does the M 
Pigment, 0 one might expect enhanced behavioral 
sensitivity to such fights in mice whose retinas 
contain the L pigment, Increment thresholds were 
termined for 11 mice (four having only M 
pigment and seven MUL heterozygote) by briefly 
akling cither of two monochromatic test lights 
(300 and 600 nm) to one of the three stimulus 
pants all of which were continuously ilu 
‘with an achromatic ight The threshold diferences 
Feween the SO0- and 6O0-nm est lights were 
siunificanily smaller for M/L hoterozypotes (Fig 
1F, indicating tha these mice can extract Vista 
information from L cones. 

Color vision implies the ability to discriminate 
‘variations in spectral composition irespective of 
‘variations in intensity. To assess this possibi 
‘we derived bvighiness matches between a mono- 
comatic test light anda series ofstandand lights 
of different wavelengths (sce SOM) and then 
asked whether mice could discriminate between 
‘$00.1 tes light and two identical standard lights 
‘of 600 nm. At each tril, the location of the test 
lit varied randomly among the three pana, and 
its intensity varied randomly in steps of O.1 log 
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Units to encompass a range of “OS log units 
around the brightness match. Asa contro We fst 
tested a mouse whose retina contained M but not 
L pigment. As expected, despite extensive testing 
(otaling ~15,600 trials), io significant diserim- 
ination was achieved (open circle in Fig, 2A). 
With the use of the same procedures, two M/L 
heterozygotes also failed 0 show evidence of 
color discrimination (open square and triangle in 
Fig, 2A; ~16,000 trials per subject 

‘The two MLL heterozygotes that failed in the 
wavelength discrimination had relatively skewet 
MEL ratios (78:22 and 65:35). Unbalanced rep 
resentation of Mand L cones has lithe impact 
‘on hurmein color vision (/6, 17), but, with smaller 
numbers of eones, we though that this might not 
etme for mice, Atle extensive training (17,000 
trial), an ML heterozygote with more be 
Jancad M:L ratio 44:56) successfully discrimi- 
hated $00-nm from 600-nm lights. The averaged 
asymptotic performance across the fall range of 
brightness variation at this test wavelength is in- 
licated by the venical bar and arrow in Fig. 2A. 
The test wavelength was then progressively dis 
placed in steps of $ oF 10 nim toward 600 nam; the 
mouse suececded at each of these discriminations 
Until the test and standard fights were separated by 

10 0 15 nm, at whieh point discrimination file 
This process was tepestal for six other standard 
lights covering the range fiom $70 10 630 nm, 
Yielding in each ease a qualitatively similar result 
‘As.an intemal control in these experiments, tials in 
\which the test and standard fights were set to the 
same wavelength were randomly interspersed The 
‘cumulative results of this eontrol procedure (Fig 
2B) show that (i diserimination filed when both 
chromatic and brightness eves were eliminated 
and (i) the derived brightness matehes accurately 
predict the points of discrimination failure. Two 
additional M/L heterozygotes also succeded at 
the color discrimination task (Fig. 2A). 

For the M/L heterozygotes, wavelength dis 
crimination ross the range tested, 
being most acute at $90 10 600 nm (Fig. 2C%. 
The U-shaped wavelength discrimination func 
tion is qualitatively like those for other dichro- 
matic visual systems (2) in particular, is similar 
to wavelength discrimination funetions for human 
Uritanopes (78), a dichromatic subtype in which 
color Vision is based only on Mand L pigments 
\ith peaks at ~$30 and ~360 nm, respectively, At 
present, we camot fully explain the variation 
“among M/L heterozyotes in the color diserimina- 
tion task, but i presumably reflects some com- 
bination of individual variation in M:L cone ratio, 
es in the spatial distribution of cone types 
viwii-vis RGC receptive fields, or central fictors 
related to memory, intelligence, oF motivation, 

‘To assess dichromatic color matches, we used 
4 test light that was composed of an additive 
mixture of two monochromatic lights. Using the 
same brightness conttol measures as before, We 
progressively added 620-nm fight to $30-nm light 
to determine what proportions could be discrimi- 
nated from two monochromatic standard fights 


(600 and 380 nm, in successive experiments). 
Results obtained from the M/L heterozygote with 
an ML ratio of 44:56 (solid circles in Fig. 2A) are 
‘summarized in Fig.2, D and E. In both cases, this 
animnl successfully discriminated the combina- 
tion of test fights when it was composed larzely of 
the $30-nm component. However, as more of the 
620-nm component was added, discrimination 
became more difficult, eventually dropping. to 
chance performance, thereby defining 3 color 
match. Dichwmatic color matches can be pre- 
dicted by calculating the proportions of each test 
light at which the net quantal absomption in the two 
[Pigments és equal to the absorption from the stan- 
dard light. These predicted matches (downward- 
pointing blue arrows in Fig. 2, D and E) are close 
to the actual location of discrimination failure, as 
is abo seen for a human equivalently tested (red 
square and red arow in Fig. 2D). These results 


imply that color vision in this MIL hetero 
mouse is based on a comparison of quantal catches 
between the M and L pigments 

In primates, midget bipolar and ganglion cells 
‘mediate the chromatically opponent M versus L 
color vision pathway (79, 20). Like many: non- 
Primate mammals, the mouse lacks a midget 
system (27), and thus the color vision documented 
in M/L heterozygotes must be subserved by other 
means, Mast mouse RGCs have a receptive field 
center with an antagonistic suround (22), albeit a 
‘weak onc, and chromatic information could be 
extracted based on differences in M versus L input 
to these two regions, In a variation on this 
chromatic information could also be extracted 
simply based on variation among RGCs in the 
total M versus L weightings, 

In MIL heterozygous mice and in heterozy- 
gots New World monkeys, the stochastic process 


Fig. 1. (A) ERG spectral sensitivity for mice expressing the M pigment. Data points are mean values for 
12 animals. The curve is that for the best-fitting photopigment absorption function. (B) Mean spectral 
sensitivity function for 18 mice expressing the human L pigment. (C) Spectral sensitivity for 82 
heterozygous mice. The curve isthe best-fit linear summation of curves derived from those in (A) and (B).. 
(0) Distribution of the LM cone weightings required to best fit each of the heterozygous. mice 
represented in (Q.. (E) Mean V-log / functions obtained from activation of either mouse M or human 
L pigments. Light intensity has been specified according to its calculated effectiveness on each of 
these pigments. sec, seconds; st, steradians. For derivation of the fitted functions, see SOM. (F) 
Increment-threshold measurements. The inset schematizes the discrimination context in which, on each 
trial, a monochromatic test light was added to any one of the three panels, all of which were steadily 
illuminated with identical achromatic light. The colored bars depict the difference in the thresholds 
‘obtained for 500- and 600-nm test lights for mice whose retinas contained either mouse M(n = 4 mice) 
‘or both ML and L (n = 7 mice) pigments. Error bars in [(A) to (Q] and [(E) and (F)] indicate 2 SDs, 
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((X-chromosome inactivation) by which M versus 
cone teritories are generated and the presumed 
Jack of any molecular distinction between M and 
Leones other than pigment content have parallels 
in a reoent model for M- venus L cone develop- 
ment in Old World primates in which M versus L 
pigment gene expression is hypothesized to occur 
in a stochastic and independent manner in each 
cell, unaccompanied by any other differences in 
_genc expression (23). The successful acquisition of 
‘chromatic discrimination based on X-chromosome 


inactivation lends indirect support to this Old 
World primate model by demonstrating the pos- 
sibility of behavioral trichromacy in the context 
‘ofa stochastic process for receptor determination 

‘These resuls have general implications forthe 
cvolution of sensory systems. In the visual, oF 
factory, and gustatory systems, genetic manipa- 
lations have ether added a new receptor protein 10 
the existing complement of receptors oF replaced 
an endogenous receplor protcin with anew one 
(24-27) In cach ease, the behavioral or electra 


ail 


Ce a i a a) 
‘Test wavelength (nm) Log intensity ‘Standard wavelength (om) 
D eo 
stand 600 


os os 02 00 
‘Test light mixture proportion (530 nmm:620 nm) 

Fig. 2. Tests of color vision in mice. (A) Wavelength discrimination. The inset symbolizes the contest in 
which the mouse was required to detect which of three stimulus panels was distinctively illuminated: its 
luminance and postion relative to that of the standard wavelength (600 nm) were randomized from tral 
to trial. Lower left symbols show asymptotic performance levels (for the final 100 trials = 1 $0) for three 
animals atthe calculated brightness match (see SOM) and for values + 0.2 log units from that point (the 
‘open circle indicates the mouse with M pigment; the open square and triangle indicate MUL heterozygotes 
with ML ratios of 78:22 and 65:35, respectively. The solid circles connected by lines are the asymptotic 
performance levels achieved at the calculated brightness match by the VL heterozygote with an M:L 
ratio of 44:56. Averaged performance over the full range of luminance variation for a test wavelength of 
500 nm (brightness match + 0.5 log units) is indicated by the vertical line (arrow). The sold triangles and 
solid squares show results from two other heterozygous animals (M:L ratios of 46:54 and 53:47, 
respectively). For the latter animal, the standard wavelength was 610 nm. (B) Results from the 
‘embedded brightness control test. The circles are asymptotic performance levels for cases where the test 
‘and comparison lights were set to the same wavelength and the test light was systematically varied in 
luminance relative (re to the value required for a brightness match. The results were cumulated across 
seven standard wavelengths. The horizontal dashed line indicates chance performance. (C) Wavelength 
discrimination functions for heterozygous knock-in mice. Each point plots the wavelength difference (AR) 
between the test and standard wavelengths that is required for successful discrimination (at the 95% 
confidence level). Symbols for individual animals are the same as those in (A). The dashed line 
‘connecting standard wavelengths of 580 and 570 nm for one female indicates that it failed to 
successfully discriminate a test light of 510 nm from a standard of 570 nm, and thus for that standard 
must exceed 60 nm. (D) Color-matching data. Plotted are asymptotic levels of performance achieved by 
‘an MeL heterozygous mouse (44:56 NL ratio) atthe brightness match where the test light was a variable 
mixture of 530- and 620-nm lights, and the standard light was 600 nm. The location of the predicted 
match based on the M and L photopigments is indicated by the blue arrow. The match made by a human 
‘richromat (red square) is shown along with the predicted human match (red arrow). (E) Color-matching 
data. Details are the same as for (D) except that the standard light was 580 nm. The shaded area in (A) 
‘and (B)] and {(D) and (E)] indicates chance performance (at the 95% confidence level). 


REPORTS. [ 


physiological responses show the predicted ex- 
pansion or modification of sensitivity. However, 
these earlier experiments were not designed 10 
create an additional class of sensory neurons oF to 
facilitate the emergence of neural circuitry for 
‘comparing new and existing sensory responses In 
the present experiments, X-chromosome inaeti- 
‘ation has provided the means to both expmess a 
‘non-native reveptor protein and to localize it to a 
distinct class of primary sensory neurons. Our 
‘observation that the mouse brain 
formation to make spectral discrimi 
that alterations in receptor genes might be of 
inanediate selective value not only because they 
expand the range or types of stimuli that can be 
detected but abso because they pemnit a plastic 
nervous systemn to discriminate between new and 
existing stimuli. Additional genetic changes that 
the downstream neural circuitry to. more 
ficiently extract sensory information could then 
follow over many generations. 
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Crystal Structures of the Adenylate 
Sensor from Fission Yeast 
AMP-Activated Protein Kinase 


1726 


Robert Townley* and Lawrence Shapiro**** 


The 5'-AMP (adenosine monophosphate)-activated protein kinase (AMPK) coordinates metabolic 
function with energy availability by responding to changes in intracellular ATP (adenosine 
triphosphate) and AMP concentrations. Here, we report crystal structures at 2.9 and 2.6 A 
resolution for ATP- and AMP-bound forms of a core afiy adenylate-binding domain from the fission 
‘yeast AMPK homolog. ATP and AMP bind competitively to a single site in the y subunit, with 
their respective phosphate groups positioned near function-impairing mutants. Unexpectedly, ATP 
binds without counterions, amplifying its electrostatic effects on a critical regulatory region 


where all three subunits converge. 


MPK senses the onset of energy limitation 
ne initiates adaptive responses, including 
regulation of key enzymes in each of the 


Inajor branehes of metabolism: itty acid and sterol 
synthesis, sugar metabolism, protein synthesis, ant 


Fig. 1. Overall stuc- 
ture of the adenylate 
binding region trom 
5. pombe AMPK with 
bound AMP. The ATP- 
bound form is nearly 
identical (tig. $6) and 
reveals no global struc- 
tural. changes attib- 
utable to nucleotide 
identity. (A) Ribbon dia- 
‘gram of a single hetero- 
trimer, with w, f, and y 
subunits colored yellow, 
blue, and green, respec: 
tively, The single mole- 
‘cule of bound. AMP is 
shown in CPK represen- 
tation, and connections. 
to the GBD and KD at 
the Ne-termini of the 
and «1 subunits, respec 
tively, are indicated. () 
View rotated 90°, high- 
lighting the adenylate 
binding entrance (AXP) 
and. phosphate binding 
tunnel, which és capped 
‘on the putative KD- 
interaction surface by 
2 polar flap from the [b 
subunit. The structure 
corresponds to a het- 
cerotrimer defined by 
limited proteolysis, as 
indicated in (C): hatched 
regions were excluded. 
Each of the two crystal 
forms reported here in- 
cludes a dimer of timers 
in the asymmetric unit 
(D), Analytical ultracen- 


A 


DNA replication (/-3). Long-term regulation by 
AMPK is controlled by phosphorylation of tran- 
scription factors and coactivators that regulate 
‘each of these metabolic functions (4), Mammalian. 
AMPK. is activated by binding to AMP, but this 


90° 


trifugation analysis also demonstrates a dimer of trimers configuration. 


Putative 
KD interaction 


activation is inhibited by ATP (1-3), Because cel- 
Jular adenosine diphosphate (ADPYATP ratios 
remain nearly constant duc 10 the equilibrium 
‘maintained by adenylate kinase, it is thought that 
AMPK activity in vivo depends primarily on the 
ATP/AMP ratio, the primary determinant of cel 
lular enerey charge (5), Lowered cellular enerey 
charge can arise either from inhibition of ATP sy 
thesis for example, in hypoxia or starvation (5), 
by increased ATP consumption, as accurs in skel- 
cial muscle during exercise (6, 7). When energy 
change is low, active AMPK inhibits numerous 
ATP-consuming pathways and also activates 
mobilization of intracellular eneruy stores: to 
produce ATP. Conversely, when energy charge is 
high, AMPK inactivation is favored, leading to 
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‘enhancement of enemy storage and use. AMPK 
also functions in organism-level enengy homeo 
stasis by responding to systemically circulating 


hormones, including lqxin (8), adiponectin (9). 
and resistin (10), 

jonical AMPKs are afiy heterotrimers 
(1-3), Although gene fasions between the f and 
1 subunits ane found in some plant species, the 
‘overall domain architecture of the 
served 9 
genes encode isoforms of each AMPK 
(ail, a2, B1, 2.71, 72, and y3) (0), The 
includes a typical serine-threonine kinase domain 
near the N terminus and a C-terminal regula- 
tory domain characteristic of AMPKs. AMPK 
B subunits are required for trimer assembly and 
subcellular localization of the AMPK. complex 
(12, 13), Many B isoforms include a glyeogen 
binding domain (GBD), for which structures are 
now known (/4), The heart of AMPK. regu- 
lation by adenylate binding is thought to reside 
in 7 subunits, which are composed of four 
repeated cystathionine synthase (CBS) do- 
mains (5-17), A number of CBS domain erystal 
structures have been determined (18-20), but ony 
‘one recent structure included a bound ligand (27). 
Biochemical and genetic studies have produced an 
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Fig. 2. Nucleotide binding. (A) Stereo diagram of AMP bound within the y 
subunit, Adenine and ribose moieties are bound by functional groups within 
the CBS3-CBS4 domain pair; however, the terminal «-phosphate forms salt 
bridges with two Arg side chains (yR139 and yR141) donated from CBS 
2. (B) One protomer exhibits a single ATP conformation (ATP 1), 
‘whereas the other (C) adopts multiple alternate conformations (ATP 2). ATP 


domai 


ve 


initial view of interactions among AMPK sub- 
units (/) whereby B subunits play a central role in 
heterotrimer formation through interactions with 
both «and y subunits. Trimer interaction sites on 
both « and f subunits have been mapped to their 
respective C-terminal regions (22), Nonetheless, 
the precise molecular architecture of the AMPK, 
hetcrotrimer has not ben defined, 

We produced a trimer fragment from the 
AMPK. gencs of the yeast Schizasaccharomyces 
pombe, which yickled two distinct crystal forms 
that difffact x-rays to 2.6 A (forth: AMP complex) 
and 2.9 A (for the ATP complex) resolution. The 
trimer core consists of nsidues 0440 10 4576, 
20S to 298, and the whole: 


the AMPK complex: the § subunit N-temninal 
GBD (/4) and the N-terminal kinase domain of 
both of which have been characterized erystallo- 
graphically (23, 24). Although the enzymology 
S. pombe homologs has not been investigated, so 
quence conservation ameng AMPKs from dif 
ferent species suggests that the structures presented 
hore will be representative for this protein class. 

emmined crystal structures by sckeno- 
h anomalous dilliac- 
S) for both AMP- and 
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ATP-bound crystal forms that each contained a 
dimer of timers in the asymmetric unit (Fig. and 
table S1). The po nportance of this dimer 
of trimers is underscored by a human Wolff 
Parkinson-White syndrome mutation {human 
72 Asn**—Ile"* (N488}), corresponding to 
S pombe S247 (26)] that maps to the interface. 
Further, dimerization is consistent with the ob- 
servation from Mamorstein and co-workers that 
‘mutants that disrupt kinase domain (KD) dimer- 
zation in vitro fail to disrupt sucrose nonfermentin 
1 ¢SNF1) complex dimerization in vivo, st 
ing association through other domains (23), Each 
AMPK trimer is roughly triangular, with a wide 
base formed by the y subunit, which associates 
‘with a tight of complex that forms the narrower 
apical domain (Fig. | subunit 
C-terminal domain forms a compact, mixed af 
domain (fig. S1) that is topologically related 10 
the hinase-associated damiins (KADs) of micto= 
tubule affinity-regulating kinase (MARK) kinases 
27) The fs subunit C-terminal region lacks an 
independent hydrophobic core (fig, S2) and 
\wraps wholly around the « KAD (Fig. 1, A and 
B, and fig. S4), forming extensive hydrophobic 
contacts, These features suggest an obi 
ture for af complexes, 


ATP 


binds through a set of protein ligands identical to those used by AMP, ac- 
‘commodating the [5 and y phosphates of ATP by adopting a compact helical 
structure forthe triphosphate group (B). Electrostatic surfaces ofthe putative 
kinase-binding face, Looking into the phosphate tunnel, show thatthe charge 
‘potential of the tunnel entrance & largely positive (blue) when AMP is bound 
[(D) and (E}] but negative (red) when ATP is bound [(F) and (G). 
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‘The y subunit forms an elliptical disk with an 
aqueous pore in the center. An adenine nucleotide 
is bound at the interface between CBS domains 3 
and 4, positioning the phosphate groups in the 
pore. CBS domains 1 and 2 form the interface with 
the a complex (Fig, 1, A and B, and fig. $5). The 
Y interface to aB is mediated primarily by 
ineraction of a two-stranded 65 sheet from the 5 
‘subunit, which hydrogen bonds with the strand 
‘of y to form a three-stranded intersubwnit fs sheet 
(Fig. 1 and fig. $5). This result disaurees with a 
recent mutaenesis study that concluded that there 
is no direct binding between B and y (28) In 
‘contrast tothe a complex, very few hydrophobic 

teractions are formed between and, with this 
interface formed mainly through hydrogen bond- 
ing and salt bridge interactions, suggesting that fy 
assexiation may not be obligatory. 

‘The y subunit structures reported here provide 
initial views of CBS domains binding their regula 
tory ligands. A single molecule of either ATP or 
AMP binds at the same site, between strands 6 
‘and 7 of CBS3 anf srands 9 and! 10 of CBS4 
(Fig. 2). ATP and AMP bind in nearly identical 
conformations and use the same set of ligating res 
‘dues, In adaliton to these structural ekements from 
(CBSS and CBS4, CBS2 ako contributes crtcal in 
teractions important for binging the nackte phas- 
phates. Remarkably, cutske the loalized nucleotide 
binding regions, no substantial structural changes 
"atti Wo bound! nucketi are observed! among 
these four independent rime (fig. $6). 

In both ATP- and AMP-bound structures, a 
hydrophobic cleft formed fiom the side chains 


from CBS3 (71216 and yP220) (26) and CBS$ 
(7103 and yF292) sandwich theadenine ring. The 
2 ring nitrogen hydrogen bonds to the backbone 
carbonyl groups of yA196 and 7A218. The ribose 
‘moiety is bound in a polar pocket in CBSA in 
which the ribose 2 and 3" hydroxyls are hydrogen 
‘bonded to side chain atoms of yTI91, yD308, and 
‘S308. In the AMP complex structure (Fig. 2A), 
the terninal AMP a-phosphate forms salt bridges 
with the side chain of the conserved residue 
R290 in CBS4 and two residuss in CBS2, 7R139 
and 7R141, Excellent electron density is observed 
for all AMP atoms in the complex structure (lig. 
$7). The ATP phosphates are ligated by an 
identical set of arginine side chains (Fig. 2, B 
and C); however, 7R290 ligates the terminal - 
phosphate, and YR139 and yRI4I have poor 
density and appear to adopt multiple conforma- 
tions in coordinating the d- and fs phosphates. 

In AMPK, unlike the vast majority of ATP- 
bound protein structures, no electron density for 
metal counterions is observed bound to ATP. 
To confinn this observation, we performed ex- 
periments with crystals grown in the presence 
(of 2 mM GdCh, The Gd™ lanthanide fon is known 
to effectively substitute for Mg? in ATP sub- 
structures (29) and provides a large anomalous 
signal for crystallographic experiments. Anoma- 
Jous difference maps revealed no bound ions (fig 
S7), These observations suggest that ATP-bound 
metal counterions must be sinppea! before binding 
to AMPK. where charge balance is. provided 
mainly by the side chains of anginiine residues. 
This agrees with the prior observation from Hardie 


and co-workers that Mg” is not requited for ATP 
binding by purifiod y subunits (76), 

ur structural findings are in agreement with 
the reported relative binding alfinities of AMP 
(100 uM) and ATP (~400 iM) for a protein 
encoding fiagments of the CBS3 and CBS4 do- 
mains of the human 72 subunit (/6). However, 
the apparent absence of regulation by AMP of 
S cerevisiae AMPK activity (30, 31) raises the 
possiblity that nucleotide-dependent regulation 
of S pombe AMPK may differ from that of the 
‘human enzyme. Cellular ATP concentration 
higher than AMP concentrations, often by 
order of magnitude. Even when ATP concentra 
tions fall, leading to AMPK activation, ATP con- 
centrations generally remain higher than AMP. 
‘Ths, tighter binding 1 AMP is a functional re= 
quirement for AMPK, The structures presented 
suggest how AMPK binds ATP mone weakly than 
AMP. This appears to be accomplishex, a east in 
Frrt, though the necessity for stripping ATP of 
shickling ions for binding to the adenylate sensor 
Further, the adenylate binding site is beter able to 
accommodite the smaller AMP ligand: The 
‘hosphate of AMP and the'y phosphate of ATP are 
coordinated by the same Arg side chains, and the 
Positions ofthe two terminal phosphates ane nearly 
the same (Fig. 2 and fig. SO), 

The overall orientation of nucleotide bin 
for both AMP and ATP, situates the nucleotide 
‘Phosphates toward an intemal cavity that we reler 
tas the phosphate tunnel, which spans the breath 
cof the y subunit disk (Fig, 1B), In bath ATP- and 
AMP-bound forms, the surficoexposed nucleo 


Fig. 3. [(A) and (B)] Functional mutations map within the phosphate 


surface of this tunnel, positioned between the terminal phosphate of the 


binding tunnel, a large internal cavity that traverses the y subunit, shown bound nucleotide and the putative kinase-binding face. Two orthogonal 
in red. The majority of known function-impairing mutants map to the views are shown, 
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tide groups include parts of the adenine ring and 
the phosphate-distal face of the ribose moiety. 
“These surfice-exposed groups are identical in both 
AMP. and ATP-bound structures, suggesting that 
the nucleotide-binding face of the AMPK regu- 
latory trimer is unlikely to function as the site of 
activation modulated by adenylate binding. The 
Primary differences between AMP- and ATP- 
bound foms of the heterotrimer lie within the 
Phosphate tunnel One substantial difference be- 
tween the ATP and AMP complexes is in the sur- 
¢ electrostatic potentials atthe distal exit of the 
Phosphate tunnel, the putative kinase-interaction 
face (Fig. 2, D 10 G), This suggests the possibilty 
that the different eflects ofthese ligands might arise 
from the charge difference between the mono and 
triphosphate groups of AMP ane! ATP, 

Prior studics have identified a number of mu- 
tations within the regulatory heterotrimer that leat 
to impaited function of AMPK. primarily in the 
ssubumit(/). These mutations include an insertion in 
hts E at position Y91 (32), anda point mutation at 
S247 (NAST in human y2) (33), which is found 
Within the dimer-ot:timers interfice region. How- 
ever, the lange majority of finetionally important 
mutations, which incluke changes to residues 
+yR290 (human 2 RS31) (34), yRI4L ¢human y2 
11383) (42), 7VS6 dhuman y2 R302) (35), and 
171162 (human 2 TAOON) (33), are all found fin- 
ing the interior surface Of tho phewpbnts tuanel 
(Fig. 3, A anal B), Residues 7R250 and YR 14 c0- 
‘ondinate nucleotide phosphates: however the other 
rmustations, relative to the bound nucleotide phos 
phate groups, are positioned further toward the 
protein surface opposite o the nucleotide bind- 
ing face. This Face ofthe molecule, where a anil 
Y subunits meet, may constitute a region for KD 
nection, and we thus refer tit as the putative 
kinase domain interaction face (Figs. 1B and 3), 

‘The phosphate tunnel traverses the Y subunit, 
defining a lige void that is capped on the KD- 
binding face by apolar loop fom the subunit. We 
refer to this loop, which includes residues 244 10 
255, as the B flap. The region of the [fy that 
‘covers the plrosphate tunnel includes only polar ant 
clued residues and makes no contacts t0 the 
hydrophobic com, suggesting the possibility. for 
structural 1 
highly mobile (average B } 
four independent § subunits, as compared with an 
‘overall average B factor of $1.6 A? far all prscin 
‘aoms) andl adopts slighty diferent conformations 
fn the four independent copies of the structures 
presented here. The majority of y-subunit musations 
that aflect AMPK activation are positioned within 
the phosphate tunnel, between the terminal phos- 
phate of bound AXP and the f flap. Because the 
itference between the inhibitory (ATP) and acti- 
ating (AMP) ligands is in the number of phos- 
phates placed within the mannel and because mutans 
that allect kinase activation also lie within this 
tunnel it appears kely that this represents rita 
regulatory region 

We have presented crystal structures that 
define the core heterotrimeric architecture for 


AMPKs. The S. pombe AMPK binds either 
AMP of ATP at a single site, suggesting that 
activating ligands such as AMP are likely to fine 
tion by displacing the inhibitory ligand ATP. 
Nonetheless, possible binding of additional reg- 
Uulatory nucleotides in the context of nucleotide 
mixtures oF the holoenzyme complex cannot be 
excluded. Although a detailed understanding of 
the mechanism of AMPK regulation will require 
structures of the holoenzyme, the structures pwe- 
sented here should provide an entry point for the 
rational design of AMPK -lirected therapeutics. 
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Structure of Nup58/45 Suggests 
Flexible Nuclear Pore Diameter by 
Intermolecular Sliding 


Ivo Melzik, André Hoelz," Giinter Blobel” 


The nucleoporins NupS8 and Nup45 are part of the central transport channel of the nuclear 
Pore complex, which is thought to have a flexible diameter. In the crystal structure of an a-hetical 
region of mammalian Nup58/45, we identified distinct tetramers, each consisting of two antiparallel 
hairpin dimers. The intradimeric interface is hydrophobic, whereas dimer-dimer association occurs 
‘through large hydrophilic residues. These residues are laterally displaced in various tetramer 
conformations, which suggests an intermolecular sliding by 11. angstroms. We propose that 
circumferential siding plays a role in adjusting the diameter of the central transport channel. 


 nuckar pore complex (NPC) mediates 
| the selective exchange of macromolecules 
betwoen the nucleus and cytoplasm. The 

;PC isa ringlike structure with an cight-fold sym 
metry. A central channel is embraced by rings and 
spokes that are attached to the pore membrane 
domain of the nuckar envelope. 2). Compased 
(ofa st of prtzins termed nuckeoporins (nuns), the 
NPC is one of the largest supramolecular as- 


semblies in the eukaryotic cell (~120 megadalions 
in vertebrates) (3). About 30 different nups are as- 
sembled into mukiprotein subcomplexes that serve 
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the “building blocks” of the NPC (4, 5). Mod 
ing studies have suggested that mest ups are 
constructed from one of two of a small number 
(of structural domains: coika-coils, a-helical sole 
noids, B propellers, and natively unfolded sex- 
iments containing phenylalanine-glyeine repeats 
(FG repeats) (6), Current translocation models 
(5. 7-9) are based on the transient, low-affinity 
binding of cango-loaded transport factors to FG 
repeats (0-12), Large-scale structural rear- 
Fangements that occur in response to transport 
include the constriction and dilation of the een- 
as well as structural alterations of 
the peripheral assemblies of the NPC (2, 13-16) 
However, at present, the molecular details ofthe 
structural changes of the NPC are unknown. 

‘The central channel of the NPC is lined by the 
Nup62 complex, which consists of Nup62, Nups8, 
Nup84, and Nup4S (/7), The constituents of the 
Nup62- complex display a similar domain ongani- 
‘ation, in Which a ~200-residue a-belical region is 
flanked by FG repeats (Fig. 1A) (18), Of these 160 
listinct structural clement, the a-helical regions are 
likely to form the perimeter ofthe channel, whereas 
the Nanking, tentackelike FG repeats sample the 
sysce around the channel entepically occluding it 

‘The echelical regions of all four nups have 
been predicted to form coiled-coil domains tha 
ist of subdomains separated by short con- 
segments (/8), NupS¥ and Nup4S_are 
alternatively spliced forms that difler only in their 
unstructured region (79), The yeast homologs are 
essential for cell viability (20-22) and for the 
formation ofa functional “minimal” NPC (23). 

We assembled a Ramus norvegicus: Nuk 
complet that contains the predicted structural 
regions of Nup62 (residues: 322 1 $25), NupSt 
(residues 115 49 510), al NupS® (residues 239 10 
413), Through monitoring the formation and 
stability of complexes a series of N-and C-terminal 
deletion constructs was designed. We idemtifiod 
sible Nup62 complex core that is composed of 
residues 322 10 $25 of Nupb2, resins 346 10 496 
of NupS4, and residues 327 10 415 of NupS8 (Fig 
1, Nand B), The minimal core domains of Nupsi 
axl NupAS are ential, an therefore, we rer Wo 
NupS¥ andl NupS as NupS&'4S, using the residue 
nhumbering of Nup¥ in the text below. 


Fig. 1. Organization 
and dynamic behavior 
‘of the Nup62 complex. 
(A) Domain structures of 
Nup58, Nup45, Nup54, 
‘and Nup62. The c-helical 
regions (dark blue), un- 
‘structured regions (light 
blue), FG repeats (black 
lines) and the numbering 
‘of the Nup62 complex 
fragments are indicated. 
(B) Coomassie-stained 
SDS-polyacryiamide get 


Reconstituted Nup62 complexes form 
concentration-dependent dynamic assemblies, 3s 
Judged by size-exclusion chromatography (Fig. 
10). In addition, we analyzed the behavior of a 
NupS8/45 fragment containing residues 327 0 399 
(lig. S1). Asdo the Nup62 complexes, the NupS8’ 
45 fragment exhibited substantial concentration- 
dependent mobility, again indicating a dynamic, 
dimer-tetramer equilibrium in solution. At low salt 
‘concentrations, NupSB8 4S forms a stable tetrameric 
assembly, which suggests that the association is 
‘govemed by electrostatic interactions (fig. $1). 
From the purified NupA2 core complex. only 
the NupS&/45 core domain, composed of res- 
idues 327 to 415, crystallized, whereas Nupé2, 
NupS4, and exces NupS&/45 remained intact in 
the drop solution (fig. S2). Two independent 
crystallization conditions yielded two NupS&43 
erystal forms, one belonging 1 the tetragonal 
space group P4,22 and the other to the ortho- 
rhombic space group 
both erystal forms were solved by single 
wavelength anomalous dispersion (SAD), using 
cosmiumderivatized erystals. The final model 
was refined to a 285 A resolution with an Ryark 
of 25.0% andl an Rego of 288% and contains 
residues 327 0 411. No electron density was 
observed forthe final four residues that are pre- 
sumed to be disordered and therefore have been 
‘omitted from the final mode! (table SI). 
NupS8445 tetramers in the two independent 
crystal forms exhibit entirely different erystal 


packing amangements The asymmetric units of 


the tetragonal and orthorhombic erystals contain 4 
and 18 NupS845 protomers, respectively. In the 
packing of both crystals, the NupS845 tetramers 
result fom the dimerization of identical dimers, In 
each of the two crystal fomis, the tetrameric 
NupSk/4S assemblies are topologically identical, 
‘but display distinct structural differences. As the 
‘overall findings are similar, we will focus our 
discussion on the structural information obtained 
from the tetragonal crystal form, 

‘The NupS&/45 protomer folds into an antipar- 
allel hairpin structure, in which two a helices tthe 
Nand the C helix) are connected by a short loopy 
(Fig. 2A). The C helix protrudes from the haigpin 
singcture an exposes three terminal helical tums 


The structures of 


‘The four protomers in the asymmetric unit of the 
tetragonal crystals are similar, and the topologi- 
cally equivalent Ca carbons superimpose with a 
root-mean-square deviation of ~0.4 A. Further 
more, the protomers diterize in an antiparallel 
aurangement, in which the N and C helices of one 
protomer pack against the N and C helices of the 
second protomier, forming a four-helix bundle with 
an imerprotomer angle of ~156" (Fig. 2A), The 
two proomers in the dimer are primarily held 
together by numerous van der Waals contacts (fig. 
3), burying ~2550 A? of surface arca. The 
comparison of the average-temperature B-factors 
cof the extie model (~43 A?) with the buried 
dimerization imerface residues (~34 A?) suggests 
a rigid and well<fined dimer imerface. The 
‘overall dimensions ofthe dimerare about 82 by 24 
bby 21 A. Except for surface residues, the dime 
symmetric with a pseudo two-fold axis nun 
through the dimerization intertice. 

The two identified terameric assemblies in both 
aystal forms consist of two dimers that interact 
‘with each other ina “headhtorhcad”crintaton with 
their N helices. Therefore, the resulting tetrameriza- 
tion interface is composed exclusively by the four 
N betices that form two antiparallel, intertwined 
Irirs (Fig. 2B), The two tetramers (conformer 1 and 
2) of the tetragonal crystal form hie tworlld 
‘etational symmetty, and the two-fold symmatry 
axis of each tetramer coincides with a erystallo- 
sgiphic world axis However, although the 
eysallographic two-fold axis: nans perpendicular 
1 the long axis ofthe tetramerization interface in 
‘ne tetramer, it rns parallel tothe long axis in the 
«ther (Fig, 2B). The erystllographic consequence 
is that 1 of the four profomers in each tetramer 
‘ae identical. The two conformers differ by an ~6 A 
Lara displacement of their dimer subunits alo 
the long axis of the tetramerization intetice (Fi 
20), We identified two similar, structurally distinct 
tetrameric assemblies in the onorhombic ci 
form (conformer 3 and 4), which exhibits an 
cntiely different enystal packing arrangement (fi, 
‘S4), The confomution of these tetramers does ot 
appear to be dominated by the crystal packing, as 
the crystal contains seven structurally independent 
Aetrameric assemblies that give fist 10 10 con 
formations. All seven tetramers contain a tworfold 


ie 


no 
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showing results of electrophoresis ofthe purified Nup62 core complex (C) Gel fitration profiles ofthe minimal Nup62 complex atthe indicated protein concentrations. 
The elution positions for molecular mass standards are shown. All profiles were obtained in a buffer containing 150 mM NaCL 
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axis, Which, as do the tetramers in the tetragonal 
crystal form, run either parallel three tetramers, 
conformer 3) or pementicular (four tetramers 
conformer 4) to the long axis of the dimer-dimer 
inerface. However, in contrast to the tetragonal 
crystal form, only one of the seven tetrameric 
assemblies is generated by a crystallographic two- 
fold axis (conformer 3), Thus, the observed 
tion plasticity is likely an important 
feature of the oligomerization of 
Nup88/43. Furthermore, the dimertetramer y- 
namics observed in solution likely result form the 
reversible sociation of NupSS45 dimers 

In contrast tothe dimerization interface, which 
is almost entirely hydrophobic, the interactions 


Fig. 2. Structures of tetrameric A 
NupS8/45_ assemblies from the 
tetragonal crystal form, (AY Rib- 
bon representation of a NupS8/ 
45 dimer, showing protomer A 
ingreen and protomer B in gray; 
(tight) a. 90° rotated view. A 
seudo-tworfold axis (red) is 
indicated, (B) Ribbon represen- 
tations of the two tetrameric 
conformers, indicating the loca- 
tion of the crystallographic two- 
fold axes (orange), which run 
differently through the two tet~ 
ramers. (Right) A 90° rotated 
view. The different coloring of 
dimers (blue, conformer 2: pur- 
ple, conformer 2) ilustrates the 
alternative tetrameric configu 
rations of the two conformers. 
Symmetry-related protomers are 
indicated. Conformers 1 and 2 
are constructed by the protomers 
‘A and B, C and D, and their 
symmetry-elated.protomers A’ 
and B’ and C and D, respective- 
'y. (© Superposition of the two 
tetrameric NupS8/45_conform- 
ers, The unique protomers ofthe 
two tetrameric assemblies are 
Superimposed onto protomer A 
‘of conformer 2 to highlight the 
lateral shift between the dffer- 
ent conformers. For darity, only 
‘one protomer of each superpo- 
sition fs colored. The Nand C 
termini are labeled according 
to (8). The inset is expanded in 
Fig, 3. 


betwee the two dimes are solely cloctestatic, 
which explains the sat concentration: dependent, 
dynamic behavior of NupS®/4S in solution. The 
letramerization interface is formed by an extensive 
side-chain hydrogen bond network that ties the N 
helices ofthe four protomers together (Fig. 3). In 
this taramerization interface, most of the interc- 
tions occur within cach pair of aligned, antiparallel 
N helices, involving primarily the side chains of six 
residues (Ane. Gin, Ane”, Gin, iy", 
and As) of cach protomer. Together, these 
residues form a continuous cketostatc surface, in 
\which akemuting positively and negatively charged 
side chains are distributed in the oenter of the 
imerfoce. The majority of the interactions are 


REPORTS. | 


mediated by direct intermolecular contacts, al 
though some residues make hydrogen bonds 
trough water molecules trapped at the protcin- 
Proicin interface. The tetragonal erystals contain 
‘wo tetrameric NupS845 conformers that together 
contain four unigue pairs of N helices. By 
superposition of all four pairs of N hetices, we can 
sscem four different configuration sates (state Ito 
IV) that exhibit a maximum lateral displacement of 
“IA (Figs, 2C and 3). Funhermon, the 
supssposiion reveals thatthe lateral displacement 
between the two asymmetric tetrameric NupSW/45 
confirms results om altemative hydrogen-bond 
networks, in which cach side chain of the same set 
of interface residues has the propersity to switch 
interaction partners. For example, the side cain of 
Asa engages four different residues in the two 
Jetramers and forms hydrogen bonds with Gln, 
Ang’, Gin, or Gia’ (Fig. 3), Overall, the 
NupsW4S core domain is highly conserved in 
\ericbrates (figs. $3 and 6). The residues of the 
NupS8/43 that are crucially involved in the 
fertnation ofthe dimer-ime inrice are invariant 
across vertebrates, underfining the significance of 
the NupS845 homo-tetramer 

‘The identification of multiple interaction states 
in which rigid NupS84S dimers are sequentially 
shifted along the dimerdimer interface for a 
distance of ~11 A suggests an intermoleculir 
sliding mechanism. tn gencral, sliding requires a 
series of energetically equivalent states along a 
sliding pathway with low transition energy barrens 
(2. Our sliding hypothesis is strengthened by the 
finding that the NupS845 core domain forms a 
salt concentration dependent, dynamic dim 
{etramer equilibrium in solution; this implies that 
‘NupS®45 dimers loosely associate and are indeed 
capable of freely rearranging into distint tetr- 
meric conformations. Each of the four states por 
trays a snapshot of the structural alterations that 
cur when two NupSW/45 dimers slide against 
«sich other on an —11 A sling pathway (Figs. 2C 
and 3, and movies SI 0 $3). 

The rearangement of the dimer-timer interac- 
tion surf that results in the formation of lier 
tative hydrogen-bond networks is enabled by an 
adaptable electrostatic surface with two major sric- 
tural features: (2) The interaction surface is con 
siructed by a group of residues that ae arranged in a 
checkesboar-tike distribution and that are capable 
of switching interaction partners by aeting allem 
tively as either hydrogen-bond donors or acceptors, 
coc as both. For example, Asi altemates its roles 
in clectrostatic interactions with Gin, An, 
Gin™*, and Gu": (ii) the plasticity of the in- 
seraction surface is supported by the relatively high 
flexibility of long side chains. In contrast to short 
side chains, long side chains are capable of 
ssmpling a substantially larger volume for interac- 
tion. purtners, as illustrated by the altemate con 
formations of the side chains of Ang™ and Gln™* 
in the different tetrameric assemblies. 

‘The central channel of the NPC has the ability 
to alr its diameter (2, 13, 14, 16). The mutual 
surangement of subunits within a single NupS®/45 
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{etramer can be altered by’a sliding distance of at 
least ~11 A. NupS® and Nup$S ane the most 
abundant constituents of the NPC (4). We propose 
that circumferential sliding of NupS8445 in the 
‘channel perimeter results in an adjustable diameter 
in response to transport activity. In such a poten 
tially circular, eight-fold. symmetric amangement 
Of tetrameric NupS845 modules in which cach 
can expand by ~11 A, the diameter of the channel 
‘could inerease by ~30 A (Fig. 4, A and B). 

In the assembled NPC, NupS¥ and Nup4S are 
associated with NupS4 and Nuph2 


Fig. 3. Molecular details 
of the intermolecular 
sliding of two. Nup58/45 
dimers. The direction and 
the approximate sliding 
distance are indicated by 
black arrows. States! and 
IV are derived from con- 
former 2; states Wand I 
are derived from con- 
former 2. The helices are 
colored and_ numbered 
according to Fig. 2, and 
critical interface residues 
are labeled and indlvidu- 
ally colored in all four 
states according to state 
(top). For clarity, only two 
of the N-helix pairs that 
‘generate the tetrameriza- 
tion interface are shown. 
The electrostatic interac~ 
tions between two sliding 
NN hetices are represented 
by red dashed lines, and 
water molecules are ve 
swalized as blue spheres, 


Fig. 4. Model of pore dilation by A 
intermolecular stiding of NupS8/ 
45 tetramers. (A) Schematic repre- 
sentation of the Nup58/45 sliding 


module, The four N helices that 
‘generate the tetramerization inter- 
face (orange), the C helices (ight 
blue), and the C-terminal FG re- 
peats (black) are indicated. The 
stiding of the Nup58/45_ dimer 
surfaces formed by the N helices 
is facilitated by an alternative 
hydrogen bond network (red and 
‘areen thin lines). Because the C 
helices with the attached FG re 


(17.18.25, 26), Athough the atomic structures for 
‘Nup54 and Nup62 have not been determined, they 
share a similar domain organization nxt contain 
‘conserved, amphipathic «helical regions that may 
also pennit sliding (figs S7 to $9}. A multi 
beltlike arrangement of such “sliding modules” in 
the channel perimeter along a nucleocytoplasic 
axis may facilitate localized changes in channel 
diameter as cargo pusses acmoss (Fig. 4C). The FG 
repeats are flanking the a-belical regions of the 
‘channel nups and function as a restrictive barrier 
and transport facilitator. It is conceivable that 


16} 


eats are likely to project tothe inside ofthe central channel, the sling N helices would face in the opposite 
direction. (B) Schematic representation of the central channel shown along the nucleocytoplasmic axis. Eight 
‘NupS@/45 tetrameric assemblies are circularly arranged to form 2 ring (red bars) The siding of two NupS8/ 
45 dimers against each other results in an overall extension of the Nup5/45 tetramer (green bars) that, in 
turn, causes the dilation of the central channel of the NPC. (C) Localized changes in channel diameter 
by «helical sliding in response to transport of cargo (red spheres) across the central channel (green). 


binding of transport factors and substrate 10 FG 
repeats is coupled to sliding of the amphipathic 
bolices in the perimeter ofthe transpont channel 
The sliding of such c-helical regions may 
extend to other nuelzoporins, because the export 
of preribosomal subunits has been shown 10 de- 
pend on the yeast homologs of Nup38 and 
Nupé2 (27), as well as the coiled-coil domains 
of Nup214 and NupS8 (28). Our hypothesis of 
large-scale sliding facilitated by a-helical sur- 
faces 10 adjust the diameter of a transport chan- 
nl for the passage of cargo is o our knowledge 
not found elsewhere and may be limited to 
‘macromolecular transport across the NPC, 
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Magnetic Molecule Isolation System 
The MulliMACS Separator is a magnetic molecule isolation instrument for manual or 
automated use. Up to 96 samples such as mRNA, protein, virus particles, or biomole 
cule complexes can be extracted and purified in parallel via gentle, column-based 
procedures, This compact instrument can be integrated into robotic systems or oper 
ated manually on the bench, and centrifugation and vacuum steps are not needed. 
The isolation procedures rely on the small, paramagnetic MACS MicroBeads coupled 
to oligo (dT), protein A, protein G, streptavidin, or antibody molecules. Even small 
amounts of target molecules are captured 

Miltenyi Biotec For information +49 2204-8306-0 www mitenybiotec.com 


www.sciencemag.org/products 


Genotoxicity Screening Assay 
GreenScreen HC is a novel human cell-based 
genotoxicity screening assay. Developed in a 
simple microplate format requiring less than 1 
‘mg of compound, the assay fs easily automated 
sing standard laboratory equipment, According 
tothe manufacturer, the GreenScreen HC’ com: 
bination of high specificity and sensitivity make 
{tthe first in vitro mammalian cell assay suitable 
{or early candidate seeing. The test is designed 
to.avoid the high number of postive results that 
‘an lead to time-consuming and expensive ani 
‘mal studies atthe prectinical stage. 

Gentronix For information +44 161 606 7268 
vr. gentionix. co.uk 


Real-Time PCR System 

The StepOne Real-Time PCR System provides an 
easy and cost-effective way to conduct real-time 
polymerase chain reaction (PCR) experiments in 
a variety of applications that include gene 
expression, viral load, and genotyping experi 
‘ments. Beginning users can benefit from the 
intuitive software wizards that guide them 
through set up, operation, and analysis. Experi 
enced users seeking a personal real-time PCR 
system can customize experiment design param 
eters such as thermocycling protocols and 
‘nucleic acid template types. The low-throughput 
system features a space-saving small footprint. 
‘Applied Biosystems For information 
{800-327-3022 win. appliedbiosystems.com 


Faster RT-PCR 

FastLane Kits streamline real-time reverse tran 
scription-polymerase chain reaction (RT-PCR) 
analysis of cultured cells. By eliminating the 
‘need for RNA purification, the kits allow users to 
carty out real-time RT-PCR directly from cell 
lysates. The kits are suitable for experiments 
requiring rapid, high-throughput gene expres 


sion analysis, such as validation of small interfer 
ing RNA-mediated gene knockdown. The kits 
take only 12 minutes to prepare cell lysate, 
which can be used directly in reverse transcrip. 
tion or in real-time, one-step RI-PCR. To ensure 
reliable gene expression analysis in subsequent 
feal-time PCR, RNA is immediately stabilized 
‘upon cell lysis and genomic DNA is effectively 
eliminated using a novet buffer. 

‘Qiagen For information +49 (0) 21033-16410 
wongiagen.com 


Homogenizer 

The Dispomix instrument for sample homoge 

nization and dispersion combines sterility with 
safety and ease of use. The closed, disposable 
Dispomix Tubes protect the sample and the 
environment from the moment of sampling to 
the final product transfer without the need for 
further sample manipulation. A septum ensures 
clean liquid transfers prior to and after the pro- 

cessing on the Dispomix Drive. The tube effec 

tively avoids cross-contamination, aerosols, of 
contact by personnel with potentially infectious 
or toric material 

Xiril For ntormaton +4155 258 7777 wnwairL.com 


Orange Fluorescent Dye 
Anovel orange fluorescent dye can be used as a 
‘nuclear stain with living cells or as a cell Loca 
tion dye to define cell perimeter in a variety of 
cell-based assays. Water-soluble and mem: 
brane-permeable, CyTRAK Orange is suitable 
for tive-cell imaging applications such as 
rnucleus/cytoplasmic and cytoplasm/cytoplas 
mic membrane translocations, nucteus/cyto- 
plasm translocations, and cell/cell boundary 
interactions as well a5 cell-based high-content 
screening and high-throughput screening, 
fixed-cell, and fluorescence in situ hybridiza- 
tion assays. This versatile fluorescent dye is 


compatible with existing protocols and usable 
actoss a wide range of imaging platforms. ttcan 
bbe used in live cells in combination with com: 
‘mon fluorophores such as green fluorescent pro: 
tein fusions, fluorescein isothiocyanate (FITC) 
labeled antibodies, and far-red dyes. it permits 
the rapid staining of the nuclei of live or fixed 
cells, fluoresces at 615 nm, and is stable both 
photochemically and biologically, No cet lysing, 
washing, of ribonuclease is needed for use, 
‘Axxora For information 800-900-0065 
vewncansora.com 


Modular Detection Platform 

The Paradigm Detection Platform is a modular 
system that allows easy configuration by the 
user. It features a selection of cartridges that can 
be interchanged in less than five minutes to meet 
different assay needs, Designed for labs with 
multiple users and applications, the high 

throughput detector can read in formats from 6 
to 1536 wells. Eight different cartridges will be 
available, based on detection modes including 
fluorescence polarization, time-resolved fluores: 
cence, dial fluorescence (including fluorescence 
resonance energy transfer), and luminescence, 
A monochromator-based absorbance cartridge 
will also be offered. The system software comes 
with a portfolio of generic protocol templates for 
the most common detection measurements. 
Assay protocols for third-party chemistry kits are 
also included. 

Beckman Coulter For information 714-993-8955 
worabeckmancoultercom 


‘eniy offered instrumentation, apparatus, and laboratory 
‘materials of interest 1 researchers in all disciplines in aca- 
emi, industrial an government organizations are featured 
in this space. Emphasis is gen 1 purpose, chil characteris 
tis and availablity of products and materials. Endorsement by 
‘Science or AAAS af any products or materials mentioned snot 
implied. Additional information may be obtained from the 
smanutactrer or supplier. 
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Skidmore College sccks an ASSOCIATE DI 
RECTOR for its Microscopy Imaging Center 
(SMIC), The successful candidate will be expected 
tw help run our microscopy facilities and work with 
faculty and seudents a microscopy-buscd teaching, 
and research acuvites. The ongoing job duties wall 
Consist of maintaining the microscopes, image cap- 
Ture sistems, preparatory equipment, and labora- 
tories of SMIC. The Associate Director will help 
prepare and process materials for microscopy, tra 
Individuals on diferent microscopy systems, and 
‘maintain our image archives and website. The Aso- 
ate Director will also participate in teaching and 
[Erantwriting opportuniics as time permits. SMIC 
Sn imegrated unit with fluorexcence, confocal laser 
Scanning, scanning electron, EDS and transmission 
slectrom miroscopy (TEM) faaitics, 

‘Candidates must have a Master’s or Ph.D. in the 
natural sciences, preferably biology or micropalcon: 
tology, and significant experienor in microxopy an 
microncopy-based preparation protocols. TEM and 
Ukramicrotomy skills are highly desirable 

Please send curriculum vitae, three letters of rec 
‘ommenation, and a pertflio or publications demon 
Srating proficiency in light and electon microscopy 
Application review will begin on April 15, 2007, and 
will continue wat the position i filled. 

lease scnd applications to: Dr. David Domazych, 
Department of Biology, Skidmore College, 815 
North Broadway, Saratoga Springs, NY 12866, 

Please note: This position is subject to May 2007 
‘budget approval 

Sladinre Cee commie bring an acho campus 
community sd, gual Oppornaty ply, des et 
crimination or employ pcs on te har of 
fender, re or edt, lr, national ong, mig, ae 
Sabin, Samay or mara sana, o val ian 


FACULTY POSITION in NEURAL and BE- 
HAVIORAL SCIENCES. The Pennsylvania State 
Univenity, College of Medicine, Department of New 
‘al and Behavioral Sdences, in conjunction with the 
Program on Education in Human Structure, ia 
Hershey, Pennsylvania, invites applications for a 
tenure-cligible culty position at the ASSISTANT 
PROFESSOR or ASSOCIATE PROFESSOR 
level. Candidates must hold a Ph.D., M.D., or equiv 
alent degree. Candidates should have experience in 
teaching gross anatomy and will play-a major role in 
this team-taught course, The shecessfil candidate 
will be expected to establish an active research pro 
ikram in neuroscience. The Department of Neural 
And Behavioral Sciences provides excellent falitics 
and opportunitics for collaborative research andl par. 
‘doipation in graduate training programs. Applicants 
should send curriculum vitae, statement of research 
interests and goals, and contact information for 
three references to” Search Committee, Depart- 
‘ment of Neural and Behavioral Sciences, H109, 
Penn State College of Medicine, P.O. Box 850, 
500. University Drive, Hershey, PA 1703: 
Closing date for applications: May’ 15, 2007. For 
your health, Hershey Medical Center is's smokefree 
Sampus. Poon State & committe» Ainaatie Action, 
Equal Opporaouey andthe dey of ws weokfone 


ANATOMY/PHYSIOLOGY INSTRUCTOR 
Santa Monica College is accepting applications fora 
full-ime,tenumetrack Anatom Phrtlogy last 
for al 2 
thomin anseceny and hinian phasic 
sg bicogial hence, cr Bachelor's i ay bilogical 
Science and Maver's in bochemisty, ophsicy, or 
marine sccnec, or the cqhalent. A stung. back 
found in harman physiology i prefered. Sabry is 
543.798 to $103,586, Deadline to apply: Apel 17, 
2007, For a dstic aplication and’ anaplse job 
‘csription, please cl telephone: 310-434-4336, oe 
‘vite fo Sinta Monica College, Human Resources, 
1900 Pico Boulevard, Santa Monica, CA 90405, oF 
‘st the webs: pe / /worwrammcedi Epud Oper 
tney Empey 


SITIONS OPEN 


ASSISTANT/ASSOCIATE PROFESSOR of 
‘MICROBIOLOGY 

Ollahoma. State University Center for Health 
Sciences, College of Osteopathic Medicine, is seck- 
ing to fill a full-time, tenure-track faculty position in 
the Department of Biochemistry’ and Microbiology 
“This position requires a Ph.D. degree in microbiologs, 
rekvant postdoctoral experience, and a demonstrated 
potential for excellence in both medical mysology 
teaching and research. Interested candidates. must 
apply online at website: hteps:/ /jobs.okstate.ed, 
job number 02870, Afimarive Acion/Equal Oppon 
ty Empeyer 


ASSISTANT PROFESSOR 
Microbiology and Cell Sclence 
DIRECTOR 
Electron Microscopy and Bioimaging Laboratory 
University of Florida 

‘The Microbiology and Cell Science Department 
and the Inerdaciplinary Center for Biotechnology 
Research (ICBR) athe University of Fonda init 
applications for an Assistant Profesor tenure-track 
postion to. develop an externally funded recarch 
Program in bicxmaging and diect ICR microscopy 
“Techical wil be. provided 

cchnlesl_ support staff will be provi 
perform the dally service tasks of this ICR re 
Tasty. As Diector, the incumbent wil be charged 
wrth Seng the vision and scquidng the resources 
necessary fo make this [CBR fairy rong the best 
inthe nation, Candidates with interests in applying 
modern bimaging technology, inciuding cectton 
imicrosopy, to important problems in cellular and 
‘or molecular biclogy are expecially encouraged 0 
ann 

‘Applicants must have a Ph.D. po 
perience, and strong publication fe 
Cafu Candide i expected to porticpate in our 
tmndergradunt and gralou programs A vay cont 
pattive srt package and sdery are salad tthe 
fucccafil canikare Detalk of the Depament and 
TCR may be found at websites hep:/ /mlerocel. 
‘fed ara! htp:/ /www: hotel, Submit 
Spplcations as a aagde PDF file containing a cover 
ieter, curriculum vita, and summary of esearch in 
terest to De, Peter ‘Rima (email: pkima@uf 
edu). Thrce Iemers of reference should alo be 4 
direct to e-all pkima@ufleda, Review of appli: 

ont will begin on Apa 2, 2007, The Unbeay of 
‘wid an Egal Opry Engl 


FACULTY POSITION 
University of Wiaconsin, Madion 
Veterinary Pharmacology 

The Department of Comparative. Bisccness, 
Schoo! of Veterinary: Medicine invites applications 
for tenure-track fcuty poston (ASSISEANT oF 
ASSOCIATE PROFESSOR). Qualiictins in 
‘tude PhD. or equivlent, portdowtral experience, 
eommitment to escllent teaching and at 0 
Svelop an eatamurally inded racach progran. 
Preference wil be given to rescarsh arc comple 
mening cating parm sgt. 
reaponbiiies inde. partipation in’ xt 
phinmacology insroction. To apph, send cura 
fi vita, bref tatemente of eacarch interests and 
teaching pllowophc, and thickets of reference 
to Gordon 8. Mitchell, Chair, Department of 
Connparative Biaclences, University of Wiscon- 
Sin, 3013 Linden ‘Drive, Madison, WI 53706, 
Appl by Ape 30,2007. For aitional information, 
Sec website: hitp:/ /www.vetmed.wive.edu/ 
fobatnl, Lpud Opornty Aimee Aen Eye 
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UPCOMING JOB OPPORTUNITIES 
Department of Health and Human Services 
National Institutes of Health (NIH) 
National Institute of Dental and Craniofacial Research (NIDCR) 


‘The Office ofthe Scientific Director (OSD), Division of Intramural Research (DIR), National Institute of Dental and Craniofacial Research (NIDCR) seeks.a Deputy 
to the Scientific Director Senior Investigator eligible or Senior Scientist, Cat 1). The mission of the DIR isto improve oral, dental and craniofacial health through re- 
search, research training, and the translation of discoveries tothe public domain. The Division accomplishes this mission by: 1) performing distinctive basic and 
clinical research that emphasizes high quality and relevance 10 health: 2) training the next generation of rescarchers in its laboratories and clinic, and 3) translating 
the results of its research through publications and technology transfer. 


The incumbent will serve a the Deputy Scientific Director for NIDCR with espansiblty for mitagement ofa large scientific program and fll delegation of 
authority to act For the Scientific Director, DIR, in matters rated (0 the overall Operation of the Institute's intramural research program. Specific responsibilities 
include aspects of administration that support and facilitate the DIR scientific mission. These may include, for example, coordinating reponing activities, assisting 
in budget preparation, preparation ofthe institute's Emengcncy Response Plan, overscing renovation, serving asa lain tothe Exccutive Secretary tothe Board 
of Scientife Counselors in preparation for reviews, reviewing and approving routine administrative actions and, when necessary, substituting for the Scientific 
Dircctor in representing the NIDCR/DIR.. The incumbent may be supported to carry outa focused independ reseafh program, with associated effort being 
consistent wth the duties ofthe Deputy Seientiic Director. If the area o the iv idual'srescarch expertise is appropriate, ten s)he may be involved in assisting 
in the planning and evaluation of the Diviskn'srescarch programs. 


Applicants must have a DDS/DMDIMDior Ph.D. degree and documented experience in Iading an independent rescarth program, as well as an interest and will- 
ingness to support the basic and clinica rescarch programs of the NIDCR/DIR. tn akon, they should have knowledge of all policies and procsdures of the NIH 
intramural program. Applications from minorities, women and persons with disabilities are encouraged 

Applicants should submit a current CV, Bibliography and the names and contact information for tines rfStees 10. Pamela Melnnes, DDS, MSe.(Dent.), Search 
Committee Chairman, Dirgetor, CIBID, NIDCR, Bldg. 48, Room 4AN-12B, Bethesda, MD 20892-6402, Tel; 301-594-2419 Fax: 301-480-8319, Ema: 
ppmicinnes nideratihagov. Applications will be accepted until May 4, 2007, Salary commensurate with qualifications and experience. 

“More detailed information abt NIDCR can be obtained on our Home Page. Visit us at 


itp: /iww w.nidernih.gov/Researehntramurall 


Deputy Director 
Fogarty International Center (FIC) 


Te Ni is sing exceptional Eandidats for the postion of Deputy Director, Fogarty 
creations! Center (FIC) advance bealth dough intematioal scientific cooperation 
and to promote and support scientific esearch and taining ifernatonally Yo reduce dis 
partic in pobal health. Thisposition offers unique opportnity fr the right individual 
No ssi the Director FIC in providing rong and visionary Iadcrhip oan organization 
dae intmatnal cat and global collaboration. Thspostion sevesas Deputy 


NIDDK @) 


Signal Transduction & Molecular Genetics 
in Tumorigenesis 


Postdoctoral Fellowships aré available in the Division of Intramu= 
ral Research, NIDDK, NIH. Mettibers of the Metabotic Diseases 
Branch of NIDDK helped discover two genes causing hereditary 
jendocrine cancers (MENI and HRPT2).Biforts are directed at the 
function of menin, the encoded proteit froat the multiple endocrine 
neoplasia type 1 (MEN1) tumor suppressor géncy Beginning with 
protein-protein interaction methods and later usiig models: such as 
from mouse-breeding. several menin partners have been identified. 


llcation of resourses. The Deputy Dieter provides expe advice and counsel wo the 
Director on the development of and opportunities for international research and research 
espacty bulling. co the development ant coorinstion of ietermatinalagesren in 
which the NIH prticpatcs: and on the development and dissemination of information, 
nationally and intemationally, on the Center's intemational research and training initia 


This lab also collaborates extensively with other labs on the NIH 
campus to study endocrine tumors. The positions involve creativity 
and laboratory expertise with cutting-edge methods. Applicationsare 
invited from individuals of the highest caliber who have obtained 
a Ph.D. or M.D. degree within the last 5 years. Salary and benefits 
‘will be commensurate with the experience of the applicant. Interested 
candidates should send their curriculum vitae, list of publications. a| 
letter stating their interests and the names of three references to the 
appropriate individual by e-mail orby regular mail (Stephen Marx 
MD, Bldg. 10 Rm. 9C101, NIDDK/NIH, Bethesda, MD 20892; 
Marxs@ mail.NIH.gov), 


THE NIH IS DEDICATED TO BUILDING A DIVERSE COMMUNITY IN ITS TRAINING AND EMPLOYMENT PROGRAMS 


ves. Applicantsimay browse the FIC Home Page at hup/www.fic nih gow, Applicants 
us possess an M.D. Ph.D. equivalent degree and be an experienced administrator 
with abroad intemtional programmatic o scientific background: ble to inerat with 
fall autborty; have the demoestrated capability t plan and direct peorams of iter- 
toca importance; and have the ability to communicate with and obtain cooperation of 
the public, private and international rganizations and individuals from the international 
sector. Salary i commensurate with hisher qualifications and experience. Full Federal 
bonis including leave. heath and life insurance, longterm care instance ein, 
and savings plan (401k equivalent) willbe proved. A detailed vacancy announcement 
tat includes application procedures is available at: http:/iwww.jobsnih.gov (under 
vacancy announcement FIC-07-17420), Questions may be addressed to Ms. Yolette 
Lee, 301-594-2792 e-mail: leeyol@@maiLaih.gov. CV and bibliography, including a 
statement addressing the qualifications, must be received by April 30, 2007, 
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James Graham Brown Cancer Center 
Tumor Immunology 
Faculty Position 


A tenure-track faculty position at the rank of Assistant Professor has 
2 collaborative research group focused on cellularand molecu 
lar tumor immunology. The successful candidate will be provided with 
{generous start-up funds, a competitive salary, a primary tenure-track 
academic appointment in the Department of Microbiology and fmmunol- 
ogy with iboratory space 
in proximity o the extensive core facil 
Successful candidates will have, or be expected to establish, a produc- 
tive extramurally funded research program and will bring teaching 
and mentoring capability o the immunology Ph.D. graduate program 
Preference willbe given to candidates with current NCI funding and/or 
\who are capable of establishing collaborative research inter: 
several ofthe existing members of the Tumor Immunobiolo 
The rank of Associate Professor will be con 
hav 


an established research program andsignificant extramural research 
funding. Additional information onthe research programsmay be found 
at http://www.louisville.edu/medschooVimmunology and http: 
‘Morowncancercenterory/bee2008/research/prugram.aspx. 


cor more years of postdoctoral research experi- 
‘of productivity and fundabilty. The search will 
remain open until the position is filled. Applicants should send a ¢.v 
‘containing an abstr Touisville.edu 
and arrange for 4 le 
Robert D. Stout, Ph.D., Professor and Chairman 
Department of Microbiology and Immunology 
School of Medicine 
University of Louisville, Health Sciences Center 
Louisville, KY 40292 


University of Louisville is an Equal Opportunity Emplover: 


—_—_—_—_—_—_—_—_—E 


UNIVERSITY0OF 
BIRMINGHAM 


School of Biosciences 


‘We invite applications from outstanding candidates for 
three academic positions, as follows: 


Chair in 


Molecular Cell Biology Ref: H98197 
Readership in 
Molecular Ecology Ref: Hae198 
Readership in 
Proteomics/Genomics Ref: H90199 


Informal enquiries may be directed to the Head of School, 
Professor John Heath on tel: 0121 414 7533 or 

‘ema: .kheath@bham.ac.uk 

We plan to hold interviews in late May/early June, 
Further details and the procedure for applying can be 
‘obtained from Sally Johnson = +44 (0)121 415.8116; 
fax: +44 (0)121 414 7043; 


‘email:senior-appointments@bham.ac.uk; 
web: wwwhebhamacuk/jobs 


Closing date: 30 April 2007, 


A University of Fairness and Diversity i. 
‘Work-Life Balance Award Winner 2009 ard 2004 a 


MRC Laboratory for Molecular Cell Bi 


ology 
Group Leaders 


are secking new Group Leaders with research interests in Molocular Celt 

y. The posts will be ideal for scientists with three to six years 
loctoral esearch experience wishing to establish independent research 
Careers, but established Group Leaders will also be coasidered 
The MRC Laboratory for Molecular Cell Biology is located in modern 
research facilities on the main University College London (UCL) campus in 
central London, It curently houses the MRC Cell Biology Unit (eight 
laboratories), as well as groups Funded by Cancer Research UK, The Royal 
Society and The Wellcome Trust through UCL. Work in these groups is 
focussed on understanding fundamental aspects of cell biology and their 
relation to human disease. The new Group Leaders will be selected to 
enhance or complement the current research areas. The LMCB has aa 
interactive environment, excellent facilities, with particular expertise i 
‘maging, an innovative four-year Graduate Programme and close links to 
the UCL scientific community. Further information on the Tnstitute can be 
ound at http:/ww waeLacah/LMCBY. faformal enquiries can be directed 
to Professor Mark Marsh (m.marsh@ wel.ae.uk 
Successful applicants willbe expected to win competi personal fellowships 
{rom funding agencies such as The Wellcome Trust, Cancer Research UK or 
the MRC, Applicants should send a full Curriculum Vita, a brief outline of 
research interests, and the names and addresses of four referces to 

Professor Mark Marsh 

MRC LMCB, UCL, Gower Street 

London WC1E 6BT, UK 

Closing date: 1 May 2007 
UCL Taking Action for Equality 


mrp. Max F. Perutz 
Laboratories 


/AN\/ 


The Max F, Perutz, Laboratories (MEPL) are a joint ¥ 

the University of Vienna and the Medical University of V 

MFPL was created 

Unive to provide fertile 
‘the molecular life sciences (for more information plese visit 

tus online at wwwanfpl.acaat) 


Faculty Openings 


Junior Group Leader Pos 
(Molecular and Cell Biology) 


vey. covering all research areas that seck to, 
functions at the molecular level 


Group leader positions are offered initially for five ye: 
include imernationslly competitive salaries and a g& 
Up package. 


Applicatio search 
and future plans, up representative papers, ntact 
addresses of thi Please email your application to 


ms @ mfpl.ac. Graham Warren, Closing date for 


share of female researchers and we 
women to apply for these group leader 


MEDIZINISCHE 
UNIVERSITAT 
WIEN 


Forschungszentrum Karlsruhe 
in der Helmholtz-Gemeinschaft 


& 


Universitat Karlsruhe (TH) 
Research University - founded 1825 


The Karlsruhe Institute of Technology (KIT) invites 
applications for the joint positions of 


Director 
of the Institute for Biological Interfaces at the Forschungs- 
zentrum Karlsruhe 


and 


Professor (W3) of Molecular Biology 
(Nanobiology) 
at the University of Karlsruhe (Technical University 


Applicants are expected to have a strong scientific re- 
search profi in the field of nanobiology, for example in the 
areas of molecular or cellular interactions at nanostructured 
surfaces, or the nanostructuring of biological multifunctional 
materials. The successtul candidate will head the institute 
of Blological Interfaces (18G) at the Forschungszentrum 
Karlsruhe. The research activities of the IBG form a major 
part of the Forschungszentrum’s Nanobiology Program. 
The IG, the institute of Toxicology and Genetics and the 
Nano and Microsystems Program of the Forschungs- 
Zentrum work tightly together with the CFN (Center for 
Functional Nanostructures) excellence cluster of the 
University of Kartsruhe to promote the close cooperation 
Cf groups working In he fields of biology, chemistry, physics, 
‘material science and electrical engineering. These research 
activites from the Forschungszentrum and the University 
of Kartsruhe will be integrated into the Center for Nano- 
science of the Karlsrune Institute of Technology (KI) 


The successful candidate is expected to take part in the 
teaching of molecular biology at the Faculty of Chemistry 
and Biological Sciences of the University of Karlsruhe. 
Habilitation or equivalent scientific experience is expected. 


We are an equal opportunity employer, but as we wish to 
increase the proportion of females in higher management 
we especially encourage qualified women to apply for 
this position. In the case that applicants are equivalently 
qualified, handicapped candidates will be selected pre- 
ferentially. 


Applications including information about the candidate's 
previous research and lecturing experience as well as. 
reprints of five major publications should be addressed to 
Professor Dr. Reinhard Maschuw, Chairman of the 
Executive Board of Forschungszentrum Karlsruhe 
(acting head), Postfach 3640, 76021 Karisruhe, 
Germany by May 04, 2007. 


Internet: www.tzk.de 


Ruhr-University Bochum 


eet Excellence Initiative 


Research 
_ School 


4, International Call for— 
Research School Fellowships 


|| Net salary after taxes approx. 1.100 € per month 
(13/2 Wy 

| Net salary for engineers after taxes approx. 1.800 € 
per month (13 TVL} 

| In addition 1.000 € p.a lump sum for consumables 


The coordination is handled by the Central Coord 
Research Schoo aren 
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Physiology and Biophysics Faculty 


‘Stony Brook University's Department of Physiology and Biophys, Schoo! of 
‘Medicine, invites applications for wo tenurerack positions atthe assistant or 
associate professor eve. The Dopartment of Physiology and Bophysics maintains 
facilites for faculty that include a confocal microscopy core (FCS, molecular 
‘weezer, and TRF) anda biochemical cre. n ation the institute for Molecstar 
Cardiology is housed with the Department of Physiology and Biophysics with 
\ransational research interests that inclade cardiovascular physiology and stem 
call biology. The Mecical School alsa provides a varity of services incluing 
fhuoescence associated cel sorting (FACS), ONA sequencing facilities. 
‘proteomics, and gene chip analysis. 

First position wil have prmaryaggoinument in Pysilogy and Bophysics. We 
av interested in outstanding cincian scientists with interests in human genet, 
pediatric cardiology, cardiac electophysclogy, signal vansductan,o systems 
physiology research but wil consider any qualified cardate, The sucessful 
candidate will be expected ta maintain an externally funded research program 
‘and participate in medical education with ited clinical responsibilty, 
Required: M.0., M.D,/Ph.0. or equivalent, board certification. incl 
responsibility wil be limited to 20% in a cinial department appropriate 

to the candidate's cine expertise 

‘Socond positon will have an appointment in Physiclogy and Biogtysies 

With primary responsibility within the institute of Molecuar Carology 
Required: Ph.D. or equivalent. Areas of interest include stem cel bilo, 
‘roteoncs, signa transduction, beat failure, and carkac regeneration 
Successful candidates wil be expected to conduct a vigorous independent 
research program and interact productively with angoing research programs in 
stom col biology and cariac regeneration. Candidates with active funding and a 
background in proteomics, biochemistry and cell biology are encourage to app 
Please send cover letter and CL. to: Soarch Comniive, Dpartont of 
Physiology and Biophysics, Heath Sciences Canter. Basic Science Tower 


Som deat wr ioroat STONY 
BR4NWK 


qual Opprtrty/Alirmaive Actin Emp 
Vit wiwestonbrok oto apply on 
{or employment infornaban 


wag THE ROYAL 


[i SOCIETY 


‘Support for collaboration between UK and India 


For many years. the Royal Society has supported collaboration with India 
‘through shor visits, networks, joint projects and the Incoming International 
Fellowships scheme. More information on these ongoing activities ean be 
found on our website: www-royalsoc.acuk/funding. 
Inonder wo further strengthen scientific links, the Royal Society has recently 
‘enteral into an agreement with the Indian Cour for Scientific and Indust 
Research (CSIR) to support a number of UK-India joint projects and 
fellowships: 
© Joint Projects support collaborative research betweea UK and Indian 
Scientists, Funding is available to cover the mobility costs of UK 
researchers and Indian researchers based in CSIR institutes to engage 
‘on a project spanning two years 
Deadline: 13 June and 13 December 2007 
© CSIR India-Royal Society, UK Industrial Research Fellowships aim to 
foster science and technology links between the UK and Tn, an in 
particular to enhance knowledge transfer in science and technology 
between CSIR laboratories and UK industry and/or academ 
Indian scientists holding a permanent postion at a CSI 
‘can spend between 6-12 months working either in UK industry, a 
UK research institute or higher education 
institute 
2. UK scicatists hase in industry, a UK research institute or higher 
‘education institute can spend between 6-12 months ata CSIR 
laboratory in India. 
Deadline: 3 May 2007 
For more information on these Joint Projects and Fellow: 
the Royal Socicty website: ww w.royalsoc.aeuk/C' 
International royalsoc.ae.uk 


3, please visit 
IR, oF email 


Positions Available 
Division of Experimental Medicine 
Immunology of Chronic Infectious Diseases 


The Department of Medicine ofthe University of Califoria San Francisco 
is establishing a Division of Experimental Medicine with is laboratory 
space based at San Francisco General Hospital, not far from the new 
Mission Bay campus. The Division welcomes applications from physic 
Scientists and PRD scientists engaged in hypothesisdriven, pat 
disease-oriented research on the immunology of chronic infectious 
diseases in humans. Appointments will be made at the Assistant to Full 
Professor level in the In-Residence series, depending upon qualifications 
Successful candidates will alo become members of the UCSF Graduate 
Program in Biomedical Scicnees. Particular attention will be devoted 19 
thove who could assume the role of Aswociate Director, with 
responsibilities to help the Director form the peogram. providing leadership 
fand mentorship to the staff. Experience in management of large teams 
required. Favorable attention will also be devoted to those applicants who 
‘could serve as a faculty advisor and supervisor of the following core lab 
Functions: Flow Cytometry Core P containing a high-speed multparameter 
cell sorter and several multiparameter flow cytometers. Animal Model 
Core P proving animal models of chronic infextious diseases onsite and 
collaborating with other animal mod! cores elsewhere. Core Immunology 
Lab P focused on the analysis of immune phenotype and function in 
humans, 


Applicants must have a MD andioe« PHD and demonstrated pote lead at 
Indepcriontrescach peoprara, Natorally compenbse start-ap packages are 
availble, If terete. please send CV” and thse lotr of wferonce 1: 
JM (Mike) McCune, MD, PAD, Chie, Division of Experimental Medicine, 
Department of Medicine, University of California at San Francisco, Chair, 
‘Translational Research Search Committee, Bldg 3, Rm 602, San Francisco 
General Hospital, 1001 Potrero Ave. San Francisco, CA 94110; 
ladvionc ued. 


UCSF ees cantidats tte experienc, teaching reseuch, or comity service 
‘as prpuned them to conte tour sommstnent bo dicersty and excelenae Te 
Universiti Equal Opportunty/Afirmatce Acton Employer. All qualified 
‘plants acencouraged to appl, ncang minrines and semen 


NATURE PUBLISHL 


i GROUP SEEKS 
MARKETING MANAGER 


{ature Publishing Group, publishers of Nature, the world-renowned weekly 

ly of relate scientific journals, sccks a Marketing 
the sales and promotion ofthe Nature family of journals in 
Japan and throughout the Asia-Pacific region. The Marketing Manager will 


‘bebased at NPG Nature Asia Pacific in Tokyo, the headquarters for Nature's 
Asia-Pacific operations 


ger will occupy a senior position managing a 
journals, and in 
particular, the series of physical science titles (Nature Photonics, Nature 
Nanotechnology, Nature Physics and Nature Materials) published under the 
{ature brand. NPG has been aggressive in adding new titles to its list it 
recent years, with the latest joumal (Nature Geoscience) scheduled for 
publication beginning in January 2008. This is a challenging position, 
Fequiting the opening of new markets to a quality product 
Applicants should have an interest in science and strong skills in traditional 
‘marketing methods, including direct mail, as well as web based marketing 
tools. Prior experience in a Marketing position, preferably in a science: 
related industry, is preferred. As your key region will be Japan, flueney i 
cithcr English or Japanese, with business-level ability in the other, will be 
‘essential. Korean of Chinese language ability would also be desirable, but 
fre not essential. The candidate should be proactive, willing and able to 
Jeam quickly, and comfortable working ina multi-cultural environment, 


“The Marketing Manager should he highly motivated and results orientated, 
‘and be a team player inthe Asia-Pacific marketing team. They shall report 
tothe Senior Marketing Manager and shall be able tocall upon the resources 
‘ofthe NPG Nature Asia-Pacific office, which currently has more than 40 full 
time sal, 

A performance based bonus scheme is also offered. The successful applicant 
wal be qualified to receive reimbursement fee relocation expense, Applications, 
incloding a CV and salary history, as well as a statement outlining your 
Suitability forthe position, should be sent by e-mail, fax or post to 
‘Peter Yoshihara, Senior Marketing Manager, NPG Nature Asia-Pacific, 
(Chiyoda Building SF, 2-37 Ichigayatamachi, Shinjuku-ku, Tokyo 162- 
S43 Fax: +81-3-3267-8746. p.yoshihara@natureasia.com 


Life Sciences Careers 
@NUS 


Department of Biological Sciences 
Par raculty of Science 


ScienceCareers.org 


Diseases Pitorn ‘38d Aszocinte Professorship level. 
= Seren Corea Boer Extablaned in 005 NUS nas ov it gual teaching and research 
Cordoesaar Bony Ropapenens | Sowrgneerng Tan Enoraereg . 

ees Tan 

renner Tal Chana Toney ela 
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FACULTY POSITION 
Cellular Electrophysiology 
Cell Biology 


HY] Health Sciences Center 


NEW ORLEANS 
and 


The University of Medicine and Dentistry of Dean 
Mew Jo's Wiae aay, Maes Seoeel LSUHSC School of Medicine 


Departmen of Cell Bilogy and Molecular 
Medicine and che Carckovasular Research The Louisiana State University Health Sciences Center Schoo! of Medicine in 
Insite, seeking appbcancs fr a tenure or applications and nominations for the position of Dean of the School of Medicine, The successfl 
rron-tenure track faculty "postion with candidate willbe responsible forall faets of activity inthe school, including undergraduate medical 
Melee lo Bagel oo education, resident and fellow program accrediation, continuing medical education fvulty recruit 
iiicropiiclogy, Apcsnay add ae 5 tment and retention, clinical practice development in pubic and private vers, and nurturing and 
Coun uciacnaans development of basic science, clinical science and translational research programs. The successful 
candidate will also be responsible forthe finances of the School of Medicine. The successful can 
Strong core facies in pathology, physiology diate will work with the Chancellor's Office and Dean's Office administrations, provide oversight 
and experimental surgery are availabe and leadership tothe faculty group practice (LSU HealthCare Network), and interface with various 
Suppor the celular molecular since ospital entities and their administrations. The successful candidate must be capable of representing 
the School of Medicine to various diverse agencies ad constituencies. The successful candidate will 
ave a MD, PhD or MD/PhD and wil also be board-certified in sor he specialty and eligible or or 
licensed to practice in Louisiana, if relevant, He or she must demonstrate leadershi aprove 


CVs including names of atleast thee references, 
and a description of research interests should be 


Sent to: Stephen F. Vatner, M.D, Chair, 
Department ‘of Call Biology and Molecular 
Medicine, Cardiovascular Research Institue, 
UMDNJ:New Jersey Medical School, 185 
S. Orange Avenue, MSB G609, PO Box 
1709, Newark, NJ 07101-1709. E-mail 
vatnersf@umdneds. UMON) i a9 AA/EO 
Employer, MIF/OW and is a member of the 
University Health Systems of New Jersey For 
‘more information, wet wwumdn.adu/hrwe 


uMDN} 
ia] New JeRseY 
uy MEDICAL SCHOOL 


commitment to education and clinical service, and the ability to provide vision for the school that 
builds on ts historic strengths. Achievements in teaching, mult-disciplinary collaborative research, 
‘mentorship, and administration that promote an inclusive environment are essential, The suecessfl 
candidate must be qualified to be appointed at the professorial rank in accordance with School of 
Medicine and LSU System criteria; the compensation package will be competitive. 


Candidates should provide a Curriculum Vitae including a fll list of administrative accomplishments 


and scientific publications. and a bref statement of educational, research, service, and administrative 
interests, skills and strengths. These materials should be forwa : 

‘mail to: Kurt Varner, PhD, Professor and Interim Head, Department of Pharmacology, LSUHSC 
School of Medicine, 1900 Perdido St. New Orleans, LA 70112; kvarne‘@lsubsc.cdu. 


Review of applications will commence immediately and will continue until the position is fille. 


LSUHSC is an Equal Opportunity/Affirmative Action Employer. 


Does your next career step 
need direction? 


{ ‘got the offer!'ve been 
dreaming of. 


_— Wy) 


With thousands of job postings, v 
it's a lot easierto track down a vA j 
career that suits me 


Iwant a career, 


not just a job 


% 


There's only one place to go for career advice if you value the 


and the long experience of AAAS in supporting - 
le 


career advancement - ScienceCareers.org. The pages of Science 


expertise of Scie 


and our website ScienceCareers.org offer: 


* Thousands of job postings ‘= Funding information 
rking opportunities 


www.sciencecareers.org 


* Career advice articles and tools * Netw 
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From physics to nutrition 


For careers in science, 
turn to Science 


Looking for a great 
science career? 


If you want your career to bear fruit, don't leave it to firmly founded on the expertise of Science, the premier 
chance, At ScienceCareers.org we know science. We are scientific journal, and the long experience of AAAS in 
committed to helping you find the right job, and to advancing science around the world, ScienceCareers.org 
delivering the useful advice you need. Our knowledge is _ is the natural selection, WWW.SCiencecareers.org 


Features include: 
‘* Thousands of job postings * Resume/CV Database ScienceCareers.org 


Career tools from NextWave Career Forum 


We know science 


* Grant information 


Here’s your link to career advancement 


‘AAAS is atthe forefront of advancing early-career researchers 
offering job search, grants and fellowships, siltbuilding 
workshops, and strategic advice through ScienceCareers.org 

‘and our Center for Careers in Science & Technology. 


NPA, the National Postdoctoral Assocation, is providing a 
national voice and seeking positive change fr postdocs 
partnering with AAAS in career fais, seminars, and other 
events. Infact, AAAS was instrumental n helping the NPA 
get started and develop into.a growing organization and 
Avital lnk to postdoc success. 


If youte a postdac or grad student, goto the AAAS-NPA link 
to find out how to spell career success. 


AAAS.org/NPA 


NATIONAL 
POSTDOCTORAL 
ASSOCIATION SS 


Science 


AAAS 


ScienceCareers.org 


~ 
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Looking for 
Career Advice? 


Then don't forget to read the Science Careers 
Features for fresh perspectives from leading 


science writers. 


UPCOMING FEATURES: 

April 6— Careers in Cancer Research 
April 20 —Postdoctoral Careers: Trans 
April 27 —Biotech and Pharma 


Also available online al: terete ty 7 
wwww.sclencecareers.org/bUSINESSI@ALUTES || vererscene Aus] 


HARVARD UNIVERSITY 
Assistant/Associate Professors 
Department of Genetics and Complex Diseases 


The Department of Genetics anxd Complex Diseases (GCD) at the Harvard School of Public Health 
(HISPH1) invites applications for tenure-track positions atthe level of assistant professor. Exceptional 
associate professor candidates will aso be considered. GCD is a major new initiative in the basic 
sciences in the HSPH Division of Biological Sciences. Through integrative programs in biology and 
genetics, the GCD group seeks to generate basic rescarch insights related to complex hurnan diseases 
Current areas of research include nutrient sensing. protein translation and degradation, nuclear omione 
receptor signaling, secretion and vesicular transport, oxidative and genotoxic stress response, DNA 
repair of oxidative damage, tumor metabolism, and regulation of earbobydrat, lipid, and energy homco- 
stasis, Successful applicants will hold a PhD and/or MD degree and will have a record of outstanding 
proxluctivity in an area that complements the existing research and training goals of the department 
The candidate should possess the ability to work collaboratively with other scientists and the scholarly 
qualities required to mentor doctoral students in the graduate program in the Division of Biological 
Sciences. Generous start-up packages and state-of-the-art research facilities wil be available. GCD has 
particular interest in roeruiting individuals with research interests in the following areas: 
+ Aging in mode! organisms, including mice 
+ Onganelle biology and dysfunction, particularly mitochondria or endoplasmic reticulum 
+ Control of protein synthesis, folding. and degradation 
Mechanisms of signal processing and integration, especially in the context of energy and nutrient 
sonsing, fixes and homeostasis 
Tumor metabolisn 
Inflammatory and stress responses with emphasis on chronic metabolic or degencrative diseases 
Integrated physiology and genetics of complea discases using cellular or mouse models, for example, 
neurological degeneration with metabolic dysfunction as an underlying feature 


etter of application, including a statement of current and future rescarch interests, 
vite, sample publications, and the nares of three references to the following address 
Applicants should ask thei thre references to write independily to this address 
Chair, GCD Search, clo Julie Gound 
Department of Genetics & Complex Diseases 
(655 Huntington Avenue, Building I, 107 
Boston, MA 02115, 


The Harvard School of Public Health is committed to increasing the representation of women and 
‘minorities in ts faculty, and encourages applications from such candidates 
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NEUROSCIENTIST 


The American University of the Caribbean 
(AUG, School of Medicine an inerationally 
accredited astieutio with over 8500 pian 
fades, sha a Neurosci with « Ph.D. 
Age in cher Neuricence, Newroanate, 
or Neuropysiokyp, or an MLD, dapee ith 
tehing ‘caperence in neuroscience, All 
aplicansaoudd have teaching experience i 
TCME-scordined matic school. Candidates 
with eacingawands fm mil sans ll 
be given prekrence We are puniculaly 
interetl i candidates wha have the abilty eo 
Imepatenourwcrae with other based 
The AUC facut andy drawn frm the US 
commited 1 the highest uly of 
‘matical education. Ove stent body ix quite 
Cudtwally dvene the majority ae US. cient 
[AUC ilecaedin Se Maarten populartoute 
dexination,eauly reached by nomop Agha 
from mijor US. cawecoast chiex Medical 
students complete thet preclinical wali in 
Se Maarten, and dh discal raion inthe 
USS. UK. o dan 
Review of applicants will hpi immediately 
and continue unl dhe postion fas ben fill 
Trmcremed candidates should decrorically 
submit a curicuam vita with 4 bri auminary 
oF teaching itor, and conta information 
for thie erences to Dr. Suan De 
Chair Nawondence Seach Commi 
sdemenquiacaucredede 
‘Vide oar webaite wormaucmed.edu 10 learn 
sore dou matical eduction and oppor 
Seat AUC 


(Oo) American University ofthe Caribbean 


What's the quickest 
link to advances in 
the world of science? 


AAAS Advances—the 
free monthly e-newsletter 
exclusively for AAAS 
members. 


Each month, AAAS members keep up 
with the speed of science via a quick 
click on the newsletter Advances. 


Look for the next issue of Advances 
delivered to your inbox mid month. Look 
up archived issues at aaas.org/advances. 


Features include: 
* Aspecial message to members from 
Alan Leshner, AAAS CEO 


* Timely news on U.S. and intemational 
AAAS initiatives 


* Just-released reports and publications 
* Future workshops and meetings 

* Career-advancing information 

* AAAS members-only benefits 


Allfor AAAS members only. 


aaas.org/advances 


Science 


MVAAAS 


sincerely 


‘Alan |. Leshnes 


1,CE0, AAAS 
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Who’s helping bring 
the gift of science 


to everyone? 


6G 252 child got very interested in space travel. 
When | was six my father gave me some 
books on rockets and stars. And my universe 
suddenly exploded in size because | 
realized those lights in the sky | was 


looking at were actually places. 


| wanted to go there. And | discovered 
that science and technology was a gift 
that made this possible. The thrill of most 
Christmas presents can quickly wear off. But I've 
found that physics is a gift that is ALWAYS exciting, 


I've been a member of AAAS for a number of years. 
| think it's important to join because AAAS represents 
scientists in government, to the corporate sector, and 
to the public. This is very vital because so much of 
today’s science is not widely understood. 


| also appreciate getting Science because of the 
breadth of topics it covers. It gives me a great 
grounding for many activities in my professional life, 
such as advising government agencies and 

pivate corporations 99 


Jim Gates is a theoretical physicist and professor at 
the University of Maryland. He's also a member 
of AAAS 


See video clips of this story and others at 


www.aaas.org/stories 


S.James Gates jr, Ph.D. 
Theoretical physicist 
and AAAS member 


MV AAAS 


ADVANCING SCIENCE, SERVING SOCIETY 


Who’s working 


for science? 


Top quality research depends on comprehensive support. 
AAAS is present at every stage of the process ~ from 
advising on funding policy initiatives to tracking the US 
Federal R&D budgeting process. As the experts, we 
brief Congressional staffers and representatives from 


to increase support 


governments around the world, And only AAAS Funding 
Updates ~ sent out monthly — provide continual coverage 
of R&D appropriations. By actively working to increase 
support for research, AAAS advances science. 
To see how, go to Www.aaas.org/support 
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4y\ RUSH UNIVERSITY 
MEDICAL CENTER 


RADIATION ONCOLOGY INVESTIGATOR 
Chicago 

Rush University Medical Cem i secking a mid 
wo senlorleve, funded, abortor-based Oncology 
Investigator Faculty Member forthe Department of 
Radiation Oncology. The succeafal eondiae wil 
be expected to cilaborate with oer oncology 
investigators and clinans, and to. pursue. tate 
larional issues appropmate to raliation “oncokogy 
pportusity inludes academic faculty. poiton 
wh tenure; jo appt with appropiate 
Therapy Oncology Group tanstional suis col 
leg Ssionment with seven sec meme, 
IK! competitive sly an enc. esl cane 

il owes ker PAD. dagce oe NLD PD. 
Aegrtes and wil have 4 demonstrated tack cer of 
Stew in-uatebtonal, oncologeal investigations 
Program buiking san ewental component of te 
poston, 

Please contact: Rose Abrams, SLD., Chairman 
and Hendrickson Profestor, Department of Rad 
ton Oncology, Rush Univer Medical Center, 
500s, Paulina, O13 Auium Buildings Chicago, 
TL 60612-3883, Telephone: 312-943-8771 or 
312-942-5751. E-mail rosa abrams@rush ed 


DIRECTOR 
University of California, Santa Barbara 
National Center for Ecologist Analyst 

and Synthesis 
Applications and nominations are invited for the 
postin of Dirctrof the National Center ie Eco 

Aogical Anais and Synths 2 research center at 

the Unieraty of 

The’ Center 

Foundation, matching fun fom the 

Cala athe Sata Barbra carps, and pate 

The Center promote colboraive rscrch on 

(asceritenal cuamlons fa ecoloay ved tomy samscras 

dlciptines by supporting ving scents in Work 

ig Croup (abou 800 seni ea) and rode 
sabbatkad (aka peat) and. pontdictoral awaces 

(aout U8 a yar. The Comer tho has lrg earch 

{inl appeadons prot in inrmatcs and Conse 

‘tn nt Resear’ Managemen Program 

cn it wees sp: // 


shoul be submited 
clcctronially to e-mails nceas search@msivesb.et 
and will be accepted until April 16, 2007, or until 
the position is filed. Applications shoukl include a 
letter of interest, curriculum vitae, and names of three 
people who have agreed to provide letters of recom: 
mendation, The letter of interest should indude a 
vision statement for the Center and the applicant 
‘career goals, For information about the search, co 
tact: Steve Gaines, Search Committee Chair, e-mail: 
‘gaines@msi.uesb- edu; telephone: 805-893-3764. 

The Center is especially interested in candidates 
who can contribute tothe diversity and excellence of 
the academic community through research, teaching, 
anal servic 

UCSB ic an Equal Opportnity/Affimatce Action 
Eamplye. 


RESEARCH ASSOCIATE with experience in 
protein purification. Send resume to: MLK. Jain, 
Case Western Reserve University, School of 
Medicine, 2103 Comell Road, Cleveland, OH 
44106. Must reference job code FF2007." Eu! 
Oppornnty Employer 


FACULTY POSITION in QUANTITATIVE 
ECOLOGY 
‘Texas ASM University 

Department of Wildlife and Fisheries Sciences 

‘The Department of Wildlife and Fisheries Sciences 
at Texas A&M University seeks an outstanding in 
dividual to join the faculty as an ASSISTANT 
PROFESSOR in quantitative ccology. This pention 
isa 12-month, tenure-track appointment. This new 
position charged with building a successful teaching, 
And research program focused on quantitative ap 
[proaches to ecology, conservation, and management 
Df wildlife and fishery resources. Appropriate areas of 
‘research speaalization include invewigation of pope 
lation abundance/dynamics and species interactions, 
statistical and numerical modcling of ecological peo” 
‘cess in space and time, and bioinformatics. 

‘Candidates must have a. Ph.D. in an appropriate 
field and a recond of research accomplishment 38 ev 
enced by authorship of pecr-reviewed publications 
‘A reoord reflecting acquisition of extramural research 
Funding and expenence in unnvensty-level teaching, 
also is desirable. 

Additional. info 


on this postion, the 
Department, Tess ASM Univer viewer 

iplinary Rescarch Group in Ecology and Evoke 
tion Baogy can be Rd at wees hase 
crow wficctamaceda and: website: btepi/Jecb, 
tamued. 

To appr, submit ckctoniccunicdum vita, and 
statment of teaching. and resarch iter ples 
Conrct information for thrce references to: Dr, 
Daniel Rocke, Search Committee Chair, «-mal 
Grovike@tamuceda, Preference wil be given 10 
Sphatons reseed by May 25, 2007. Appications 
recived afte ti date are not guarantnd 2 vic by 
the Seah Commitee: The postion wil remain open 
unt a sabe cane is Meni 

Teva ACM Uninet ts am Eu Opponsniy 
npr sa aks dry 
sol ppm prtdpston, Tan 
‘qyltnr pt shed oat he Sesh Cone Che 


FACULTY POSITION in NEUROGENETICS 


College of Wisconsin (MCW) invites applications f 
‘tenure-track faculty position at the ASSISTANT 
for ASSOCIATE level with research interests in 
studying genetic channelopathics of the central and 
peripheral nervous system underhing disease states 
Favored candidates. will complement the Depart 
micat's strengghs in understanding physiologic mech 


The Department fe 
‘with, ant pronimate to the MCW B 
ular Generic Center (housing the National Heat, 
Ting, and ‘Blood Institute Program of Genomic 
Applications), the Canliowacular Center (housing 
the Nationa institute of Neurological Disorders and 
Stroke ~ Program Project Grant in stoke), the Bio 
{echnology and Biocapnecring Center (housing the 
NHLBI Center of Proteomics), and the Center 
Kidney Research. We alto have 3 close collabora 
investigate human epilepoy with pediatric and 
Sule departments of neucology. Thus, superb op: 
portunities exist to colsborate: We additionally have 
Sn outstanding graduate program in physiological 
jBenomic and systems biology and suppor of this 
Program through teaching graduate and medical 
Students & expected. The candidate must holt a 
Ph.D, and/or M.D. degree. Applicants should send 
their cumculum wae, tatement of eerest apd three 
lemers of recommendation to: Allen W. Conley, J 
Ph.D., Chairman, Department of Physiology, 
emul’ cowley@mcw.cdu, website: http://www. 
physmew.eda/indes.htm. pl Opprinty 
[her Peo with Dic inet em Vetran 


RESEARCH ASSOCIATE with experience in 
pathology. Send resume to: V, Pompili, Case 
Western Reserve University, Department of Car- 
diology, 2103 Comell Road, Cleveland, OH 
44106.” Must reference job code FF1OO7.” Ezus! 
Opporaty Expy 
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RESEARCH ASSOCIATE with experience in 
medical mycology. Send resume to: M. Christ, Case 
Westem Reserve University, School of Medicine, 
11100 Eudid Avenue, LKS 3028, Cleveland, 
(OH 44106, Must reference job code FF3007. Eyal 
Oppormnty Employer 


DSITION: 


ASSISTANT PROFESSOR of FORENSIC 
SCIENCE 

Oklahoma State University. Center for Health 
Sciences, College of Osteopathic Medicine, is seek: 
ing to fill a full-time, tenure-track faculty position in 
the Department of Forensic Sciences, The Assistant 
Professor of Forensic Scicnce will teach, conduct 
relevant research, and mentor graduate students en 
rolled in the Graduate Program in Forensic Sciences, 
Te expected that the incumbent will be knowl 
‘edgeable both in their individual subspecialty of 
forensic science, but ako with the fild as a whole $0 
that students who graduate from the program will 
be welhtrained and able to easily join the workforce 
3s a competent forensic scientist. Doctorate degr 
required (Ph.D. ), Must have experience in the prac 
tice af forensic science with pot become an 
effective teacher and researcher, 


in their discipline 0 Experience 
working in a forensic ily. desirabl 


‘specially one assoxiated with Law enforcement 
intetcctal curiosity and a dedication to graduate 
instruction are musts. Interested. candidates must 
apply online at website: hutps://jobs.okstate.ed, 
job number O2880, Amar Aaio/Lgual Oppo 
ity im 


ASSOCIATE CHIEF of STAFE for RE- 
SEARCH AND DEVELOPMENT, Saint Louis 
Veterans Affairs Medical Center. Full-time, Board 
certified, health care specialty Physician responsib 
for overall coordination and evaluation of research. 
activities, Participates, with, Direc 


Staff ip managing health care programs, particularly 
those areas where on OF RED programs caf 
‘are, Prov 


on and tech 
matters to investigators, and aids in reer 
appointment, and employment of R&D personnel 
Arranges for review of publications, seientific 
‘exhibits, and public information releases of R&D 

tics. Provides financial management: preparing, 
‘estimates igctary requir radmin 
tering R&D funds. Contact: Alice Taylor, Human 
Resources, telephone: 314-894-6620. liyial Op 


port Employer 


POSTDOCTORAL POSITION 
Harvard Medical School 
avalible co study DNA daa and 
neuredegencraive dass, Procts foc On 
nomics, DNA damage, and the biology of genes 
involved in aging, Alebcimer’ and Parkinson's de 
fie. or reference, se: Nature 4295888, 2004, 
Tio, Chem, 280:36895, 2005, Hin. Mal 
14:1251, 2008, Newnan 333677, 2003, Haperence 
in molecular biology, genomics or traction Is 


‘of rescarch eapeniene 
to: De. Bruce Yankner (e-mai 
childrens.harvard.edu). 


ASSOCIATE CHIEF of STAFF for EDUCA: 
TION, Sint Lows Veterans. Affaire. Medical 
Center, Fulltime, Boanl-cerfed, heath care spe 
Say Phyaian responsible for oval coordination 
Sn ciation of eduation actianess det re 
sons to te Cito Sa cn tang. 
tess and oppor, coordinates sibion of 
‘Stocatonal propos and regents, and manages 
fatny eduction ruses, Member af the Hos 
fal Education Conmitte and scres at Regional 
lodial Education Cones tan, Fed repecscta: 
the of and adiwor to the Awocite Chi Medical 
Dinctor or Academic Alf, Contac: Alice Taylor 
Human Resources, telephone: 314-894-6620. 
El Onpomty Ep 


www sciencecareers.org 


GRANTS 


IBD in Developing Countries 


Grants Available 


We are interested in receiving innovative research proposals designed to 
elucidate the factors that may explain the low incidence of IBD in developing 
ateas of the globe. Proposals should be exploratory in nature and designed 


as pilot projects aiming to explore new ideas. The research should shed light 
on the factors that determine low versus high areas of prevalence of the 
disease. The research should ultimately be helpful in uncovering the etiology 
of IBD and the factors that enhance or prevent the genesis of the disease, 


& Letters of Interest from qualified nonprofit institutions 
are accepted year-round, 
1 Visit www.broadmedical.org for application guidelines. 
& Contact us at info@broadmedical.org for more information. 


bmr p broad medical research program 


The Broad Foundation 


Dave Jensen 


How can you write a resume that stands out in a crowd? 
What do you ni 


d to transition from academia to indu 
Should you do a postdoc in academia or in industry? 


stry? 


Let a trusted 


ce like ScienceCareers.org help you 
questions. ScienceCareers.org has partnered 
Dave Jensen and four well-respected advisers 
who, along with your peers, will field career related questions. 


Visit ScienceCareers.org and start an online dialogue. 


Bring your career 
concerns to the table. Dialogue 
online with professional career We know science BYAAA’ 


counselors and your peers. 


areers.org 
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POSITIONS OPEN 


POSTDOCTORAL RESEARCHER in 
‘QUANTITATIVE ECOLOGY 
National Center for Ecological Analysis 
‘and Synthesis (NCEAS) 
University of California Santa Barbara 
‘ational Center for Ecological Anahsis and Syn 

thesis (NCEAS) seeks a Postdoctoral Scientist 
develop quantitative analyses and models regarding. 

thresholds of potential vonceen that 
snagement of key conservation sues 
within the Kruger National Park ecosystem in South 
Affica, Analyses and models will be implemented 
lusing an established data management framework, 
the Kepler scientific workflow system, The candidate 
will have a commitment to testing and extending. 
Kepler by working closely with other scientists and 
technologists that are developing the Kepler frame 
work, Principal research sill must inchide statistical 
data analysis and quantitative modeling techniques, 
and a background in. some ecological or environ 
imental science field, The candidate will collaborate 
With scientists from Kruger National Park, South 
Affi, on the quantitative management of sivannal, 
‘ecosystems, The conservation issues wil span a suite 
Of indicators from multiple taxonomic groupe and 
both biotic and abiotic ecosystem components, The 
position will include outreach with Kruger scientists 

Fegarding the use and interpretation of the moxk 


NCEAS website: http://www.nceas.uesb.edu/ 
‘opportunity. Consideration of applications beg 
immediately and will continue wnt filled, 


FACULTY POSITION in MOLECULAR/ 
CELLULAR MICROBIOLOGY, 

INFECTIOUS DISEASE IMMUNOLOG) 

Department of Biomedical Sciences, 

University of Maryland, Baltimore (UMB) 

A fulltime tenure-track faculty position at the 

ASSISTANT or ASSOCIATE PROFESSOR level 

is currently available, We are interested in outstand 

ing individuals who will establish. independent 

fescarch in-mokular or cellular microbiology, oF 
uinology focus of 

ess, the eell biology 

lular mechanisms of 

The successful ap- 


the hast response to infection, 
pliant will join an intemationally recognized com 
munity of researchers with related interests in 
infection and immunity acro several departments 


in the Dental snd Mescal Schools. As the Depart 
ment has resently acquired two new FEL clestron 
microscopes, qualified. researchers with expertise 
And/or interest in eploiing oe developing leading 
Sale methodologies involving ery lect mi 
‘Copy or elestron tomography ste paricuirycocour 
ged to apply 

or more information on research in molecuae/ 
«ellula microbiology at University of Maryland, Bal 
timore, please vist websites: http:/ /bmscdental. 
uumaryland.edu/, htt: /medschool umarylanded/ 
Microbiology, nd http:/ /medschoolsimaryland 


‘call biology, of related discipline 
emain open until iti filled with a 
ied candidate. To apply, please submit curr 
iulum vitae, summary of research and teaching inter 
fests, and the names and addresses of thece rete 

to: Patrik Bavoil, Chair, Biomedical Science 
Search Committee, Room 9205, Department of 
Biomedical Sciences, University of Maryland 
Baltimore, Dental School, 650 West Baltimore 
Street, Baltimore, MD 21201. te cpap essurae 
women und miners 19 apply. The University of Mryand 
1s an Afinmane eon pul Employment’ Opportaty 
ADA Enpisyer 
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DIRECTOR, ELECTRON MAGNETIC 
RESONANCE PROGRAM 
The National High Magnetic Fidd Laboratory 
(NHMFL) in Tallahasice, Florida, is secking a senior 
researcher in clovtron resonance to lead the existing 
Electron Magnetic Resonance Program, The Pro- 
gram currently comprises four faculty level in-house 
Scientists who develop high fd instrumentation, 
asst the external users, and develop their own re 
search interests. In addition to the in-house research 
and outside collaborations, there is strong interac 
tion with the electron paramagnetic resonance labo- 
‘tories at Florida State University (FSU) and the 
niversity of Flora (UF) in the areas of structural 
biology, chemistry, physics, materal sence, and com 
pputation, The EMR Program feanur 
Frequency spectrometers (up to 800 GH. 
to uniquely high magnetic Bckls (4p & 
search foous indudes mno-sale mgacts, metallo 
[protcis, ana! instrument and technology development 
for high-frequency, time-domain EMIC Other oppor 
‘unites include the use ofa unique TH2-intared ight 
source currently under design for installation at the 
NHMEL in the fie to ten-year timeframe, 
‘Minimum qualifications include a Ph.D. in phys 
ies, chemistry, ology, oF related. The succesfl can 
ddidate has 2 track record of outstanding scientific 
‘scholurship, and is expected to define and develop a 
rmultidiscipinary long-term vision for the Program, 
Senior scientists with a strong taternational reput 
on and strong publication and grantsmanship 
reconis are encouraged to apply. Particular research 
interests in one or more of the following arcas is 
preferred but not required: molecular magnets and 
Other nano-scale magnetic material and/or metal 
protein structure and function. The apo 
will be 


‘wack) in the NHMFL. or a PROFES- 
SORIAL position in an appropriate academic de 
partment at FSU 

To apply, peace sera yo wae and 
corer ktter describing your experience, along, with 
frames and contact inf of three references 


Resonance Director 
Hi 


sch Committee, National 
Magnetic Field Laboratory, Florida State 
versity, 1800 E. Paul Dirac Drive, Tallahas 


fax: 850-644-1366, or e-mail 
fau.edu. The selection will start on Apa 15, 
and will continue until position is Billed 

Oppornnty Acca /Afirmaive Aion Employer. 


NEUROSCIENCE 

Oberlin College invites applications for a one-to- 
‘wo year, noncontinuing position beginning July 1, 
2007. Each year incumbent will teach two sections 
introductory neuroscience laboratory and cither two 
lupper-kvel lecture courses with onc accompanying. 
laboratory, of one introxluctory course /seminar and 
fone upper-level coune with beratory. Postion open 

all applicants, but canalates with expertive in de 
elopmental and cellular neuroscience ate enout 
‘aged to apply. Ph.D. required (in hand or expected 
by July 1, 2007), 

Submit applications inching cuiculum sitac, 
three letters of recommendation, and trannpts by 
Apal 15, 2007, to: Lynne Bianchi, Neuroscience 
Department, Oberlin College, Oberlin, OH 44074, 
Applications may be reviewed until position filled 
Afmative Aon Eual Opporty Employer 


Full-time MICROBIOLOGIST for Atlant 
Georgia, location. Responsible for developing 
niques and providing assistance to various 
in the areas of molecular diagnosis (ic., HIV viral 
low antiretreniral existance testing, immunopheno- 
typing (i<., CD4-testing}. Implement laboratory 2c: 
tistics overseas using flow eytometry. Must have a 
Ph.D. degree in microbiology, or a rested ficld 
Forcign degree equivalent acccpecd. Must have one 
{year of experience in the job ofered or postion with 
Same duties. Send resumes toc Kari Knowles, ATA 
‘Services, Incorporated, Reference 888, 165 S. Union 
Boukvard, Suite 350, Lakewood, CO 80228. 


The successful candi 
dates will have a Ph.D, degree and proven research 
ability as demonstrated by publicti 
reviewed jo 
They will ako posess a strong knowledge base in 
biochemistry, cel biology, signal transduction, mo- 
lecular biology and physiology 
The laboratory of Dr. Mohamed Trebak is 
accepting applications for a Postdoctoral pos 
iat i available immediately, Topics of research 
focus on endothelial cell signaling, specifically, the 
role of transient receptor potential (TRP) io 
‘channels mediated calcium entry. and reactive oxy 
igen species in endothelial cell proliferation ari 
Sngiogencsis, This laboratory uses a wide range of 
tcchnologics including patch clamp electrophy iol 
imaging, molecular and cellular biol. 
jochemical techniques. Special attention 
cn to candidates with expertise, oF the 
‘lamp clectrophysi 


desire 00 0 
imaging and pat 

Interested individuals should send a cover letter 
and curriculum vitae and provide contact infor 


imation of three references, preferably by e-mail to 
Dr. Mohamed Trebak at e-mail: trebakm@ mai 
ame.edi. 

The labora 


ry of Dr. Peter Vincent is ase 
1 Postdoctoral potion tha 
iy. The roan, fon of the 
Itborstry entered on the roe of endl cal 
auhrene panto in the regulon of enthca 
incoding maimemanee the, cndothelal 
farper and anplogonaie The bboratry tach t 
vary of ex td lect ecrigucs me well 
ive fedora sass Spel aero, wl be 
ppron to canidues with capers, or the cae 0 
Fim, morphological tecngques fading fhoree 
Rey ther prevticaching and horet 
a phoroblesting 
Tnterowatcandidser should send later of 
ere cricolum wae, andthe Tes of refer 
nce br, Peer Vincent at ema vincenp@ mal, 
ame.edu. ia 


PHYSICIST 
Lawrence Berkeley National Laboratory has a 
unique opportunity for a Physicist eo help quantify 
myocardial function using single photon computed 
tomography. Must have experience with finite cle 
rent techniques, reconstruction software, and bio- 
cdical imaging data, Job inchades research in 
discovery of new scintillation matenals. Ph.D, or 
tquivalent experience is highly preferred. Apply at 
website: hitp:/ /jobsbl.gov. Choose search, then 
ter job 20869 in keyword field, Afimatie 
{Equal Employment Opportunity. 


US Pot 45,436,147 ermall abpeps 


Cl Ab Peptides 1280038405262, 
Fon 21449688988 wwwabypeps.com 


Oligo Synthesis Columns 
© Columns For All Synthesizers | 


1 Standard and Specialty CPGs 
Bulk Column Pricing Available 
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Nikon 
Confocal Microscope Systems 


Live Cell Confocal ima 


ing just took a quantum leap. 


Nikon . 


‘The Eyes of Science 


THE KEYS TO HIGH PERFORMANCE 


Kodak 


Molecular Imaging Systems 


